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Abstract 
 
Polypropylene is an extremely versatile material and has a broad spectrum of 
applications due to the variations in properties which are possible with this material. The 
variations in the properties of the material are governed by the microstructure of the chains 
constituting the polymer. The microstructure varies according to the production methods, i.e. 
the polymerisation conditions. Varying the manner in which the polymer is produced 
therefore changes the properties of the material allowing the polymers’ use for different 
applications. The most important factor affecting the way in which the polymers are produced 
is the nature of the active sites on the catalyst. Changing the chemical environment of the 
active sites changes the way in which the polymerisation is controlled and greatly affects the 
types of chains produced and thus polymer properties.  
The study examines the structure-property relationships of polyolefins with specific 
focus on the polypropylene homopolymer. The temperature rising elution fractionation 
(TREF) technique is used extensively in order to isolate specific fractions of the polymer. The 
importance of specific TREF fractions is investigated via a two pronged investigative 
methodology. On the one hand specific TREF fractions are removed from a sample, allowing 
the analysis of the properties of the material without that specific fraction, thereby revealing 
the influence which the fraction in question has on the properties. The other branch of the 
study investigates the chemical modification of the active sites of a Ziegler-Natta catalyst so 
as to be able to modify the properties of the polymer in the reactor, in a similar manner to 
physically removing fractions. The techniques are related and it was discovered that the 
amount of the fractions of the polymer, found to be important using the one technique, also 
turned out to be important using the other method. 
Initial method development work utilised a polypropylene-1-pentene copolymer since 
the molecular heterogeneity of this material is such that large differences are observed upon 
removal of fractions. The technique was then applied to a Ziegler-Natta catalysed 
polypropylene homopolymer. Each TREF fraction is successively removed and the residual 
material analysed. Specific TREF fractions were found to play a significant role in 
determining the polymer properties since there was a drastic reduction in properties upon 
removal of these fractions. 
The polymerisation of propylene was also performed at a variety of conditions in 
order to investigate different ways in which the catalyst system could be modified. Specific 
reaction conditions were chosen for in-depth analysis and structure-property correlation. The 
chemical modification of the active sites was accomplished via the introduction of an external 
Stellenbosch University http://scholar.sun.ac.za
Lewis base (electron donor) to the polymerisation system, and also by varying the external 
donor/catalyst ratio used. Two different external donors were used during the study namely 
Diphenyl-dimethoxysilane (DPDMS) and methyl-phenyl-dimethoxysilane (MPDMS). It is 
observed that there are definite links between the amounts of specific fractions present in the 
polymer and the polymer properties, as observed via both the physical removal of fractions 
and the chemical modification of active sites. 
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Opsomming 
 
Polipropileen is `n baie veelsydige polimeer met `n wye verskeidenheid van 
toepassings, as gevolg van die variasie in eienskappe wat moontlik is met die polimeer. Die 
variasies in die eienskappe van die polimeer word beheer deur die mikrostruktuur van die 
kettings waaruit die polimeer gebou is. Die mikrostruktuur varieer as gevolg van die manier 
waarop dit gemaak word, naamlik die omstandighede van die polimerisasie. Veranderinge in 
die manier waarop die polimeer gemaak word bring dus veranderinge in die fisiese 
eienskappe van die polimeer, sodat dit gebruik kan word vir ander doeleindes. Die mees 
belangrike faktor wat die polimerisasie betref is die eienskappe van die aktiewe setels van die 
katalis. Verandering in die chemiese omgewing van die aktiewe setels verander die manier 
waarop die polimerisasie beheer word, en bring dus veranderinge mee in die samestelling van 
die poimeer en die fisiese eienskappe. 
Hierdie studie ondersoek die verband tussen die struktuur en die fisiese eienskappe 
van poli-olefiene wat beklemtoning plaas op die polipropileen homopolimeer. Die TREF 
tegniek word heelwat gebruik om spesifieke fraksies van die polimeer te isoleer. Die 
belangrikheid van die TREF fraksies word ondersoek deur middel van twee verskillende 
denkwyses. Eerstens word spesifieke TREF fraksies verwyder uit die polimeer, sodoende kan 
die eienskappe van die materiaal ondersoek word sonder die fraksie, en dus kan die 
belangrikheid van die fraksie uitgelig word. Tweedens word veranderinge aangebring aan die 
chemiese omgewing van die aktiewe setels van `n Ziegler-Natta katalis sodat veranderinge 
aangebring kan word aan die eienskappe van die polimeer in die reaktor op `n soortgelyke 
manier as die verwydering van fraksies. Daar is ontdek dat daar `n verband is tussen die twee 
denkwyses en dat dieselfde fraksies van belang is by albei denkwyses.  
Aanvanklike ontwikkeling van die metodes het gebruik gemaak van `n polipropileen-
1-penteen ko-polimeer as gevolg van die breë verskille in die samestelling van die polimeer, 
dus behoort daar groot verskille in die eienskappe te wees as `n fraksie uitgehaal word. Die 
tegniek is toegepas op `n polipropileen homopolimeer. Elke TREF fraksie was suksesvol 
verwyder en die oorblywende material was geanaliseer. Daar is ontdek dat spesikieke TREF 
fraksies baie belangrik is vir die fisiese eienskappe, as gevolg van die afname in die 
eienskappe nadat die fraksies uitgehaal is. 
Die polimerisasie van propileen was uitgevoer onder verskillende omstandighede, om 
verskeie maniere te ondersoek waarop die katalis verander kan word. Spesifieke 
polimerisasies is uitgevoer om polimere te maak wat in meer diepte geanaliseer kan word en 
wat gebruik kan word om verhoudings te ondersoek tussen die struktuur en die eienskappe. 
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Die veranderinge in die chemiese omgewing van die aktiewe setels was aangebring deur ‘n 
eksterne Lewis basis (elektron verskaffer) te gebruik teen verkillende hoeveelhede. 
Verskillende verhoudings van die Lewis basis tot die katalis is gebruik. Twee verkillende 
Lewis basisse is gebruik tydens die studie, naamlik di-feniel-dimetoksiesilaan (DPDMS) en 
metiel-feniel-dimetoksiesilaan (MPDMS). Daar is gevind dat daar `n definitiewe verband is 
tussen die hoeveelhede gebruik van spesifieke fraksies, en die fisiese eienskappe soos 
aangedui deur die verwydering van fraksies, en die verandering aan die chemiese omgewing 
van die aktiewe setels.  
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Chapter 1. Introduction 
 
1.1 General introduction 
 
Polypropylene as a commodity is currently very well known throughout the world as 
an extremely versatile material with a diverse spectrum of applications. The material has been 
successful in capturing a large portion of a number of markets due to the excellent properties 
of the material such as a high melting point (above 160 °C), good stiffness, hardness, and 
excellent chemical resistance, allowing its use in applications such as car batteries [1]. One 
weakness of the polypropylene homopolymer has been its low temperature impact strength 
which is due to the fact that it has a glass transition temperature (Tg) range in the region of 0 
°C, although this varies according to the characteristics of the polymer. 
The spectrum of properties of the material has been significantly broadened by the 
introduction of comonomers, such as ethylene and butene, to the polymer. A variety of 
catalyst compositions are available which distribute these comonomers in different ways 
throughout the polymer chains, producing materials with different properties. The most 
important property change as a result of the introduction of a comonomer is a reduction in 
crystallinity of the material. The formation of reactor alloys has also been accomplished with 
the production of the so-called impact copolymers where the homopolymer is essentially 
produced along with an ethylene-propylene random copolymer in a multi reactor system, 
producing a material with greatly improved impact properties.  
As far as the homopolymer is concerned, the importance of the hardness and impact 
strength cannot be underestimated as these are vital properties for a given application. 
Generally an increase in the hardness of a material comes at the expense of the impact 
strength and as such a balance must be struck between the two properties. This justifies 
extensive research in this area since knowledge of the exact reasons behind the physical 
properties, facilitates the tailoring of the physical properties and improved property 
development for specific applications.  
It is possible to tailor the polymer properties after the polymerisation as evidenced by 
the production of controlled rheology grades of polypropylene, produced by the chemical vis-
breaking of the material by peroxides, resulting in lower molar mass polymer with a narrower 
polydispersity [2]. However, the most important factor determining the microstructure of the 
polymers, and thus the polymer properties, is the way in which the chains are originally 
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polymerised. The production of reactor grades capable of being used for a certain application 
negates the use of post-production methods to alter the properties of the material.  
The most important property of the catalyst is the nature of the active sites on the 
catalyst, since it is the nature and proportion of the types of sites present which determines the 
exact types of chains produced. Ziegler-Natta catalysts are extremely regiospecific by nature 
and thus the main types of defects incorporated into the chains during the polymerisation are 
stereo-errors, making this the most important factor affecting polymer properties [3]. The 
molar mass of the chains is also an extremely important factor. The molar mass of the chains 
produced at the more stereospecific sites is generally higher than the molar mass of material 
produced at the less stereospecific sites [4, 5].  
It is, therefore, the stereospecificity of the active sites which is the dominant factor 
determining the overall properties of the polymers produced. The stereospecificity of the 
active sites is mainly controlled by the use of Lewis bases which act as electron donors, 
coordinating to the catalyst in the vicinity of the active sites thereby altering the chemical 
environment of the active sites. The chemical environment in turn dictates the manner in 
which the monomer coordinates and is inserted into the chains at the active sites, thus 
controlling the stereospecificity of the sites. The degree to which the active sites are 
controlled thus has an important bearing on the nature of the chains produced during the 
polymerisation. Heterogeneous catalysts are known to be comprised of a number of different 
active sites present on the same catalyst; therefore the proportion of the different types of 
active sites is also extremely important in determining the overall characteristics of the 
polymer produced. 
In terms of the methodology used for this study, it was decided that a two pronged 
method should be used in order to determine the relationships between the various active site 
types, the polymer microstructure, and the physical properties of the polymers. On the one 
hand the composition of a polymer could be changed, and thus its properties altered, via the 
physical removal of certain fractions of the material using the temperature rising elution 
fractionation technique (TREF). On the other hand the composition of a polymer could be 
changed via chemical modification of the active sites responsible for the polymerisation. The 
physical removal of fractions, with subsequent recombination of the residual material, would 
give an important indication which fractions were the most important in terms of being 
responsible for the overall properties of the polymer. The chemical modification of the active 
sites on the catalyst provides a means to bring about similar changes in the composition of the 
material in the reactor, thereby altering the properties of the polymer.   
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1.2 Objectives 
 
The overall objective of this study is, therefore, an investigation into the structure-
property relationships of the polypropylene homopolymer, with specific attention given to the 
effect of the molecular characteristics on the hardness-impact balance and an evaluation of the 
more important fractions of the polymer for polymer properties. This also entails evaluation 
of the active sites of the catalyst responsible for the production of the chains. There are, 
however, a number of other important objectives which are also investigated during the 
course of the study which assist in the investigation of the main objective and as such are 
mentioned here.  
Initially the methodology of selective fraction removal is investigated via the use of a 
propylene-1-pentene random copolymer, since the molecular heterogeneity of these materials 
should result in large differences in polymer properties upon removal of fractions. The 
methodology used is then to be applied to a Ziegler-Natta catalysed polypropylene 
homopolymer in order to evaluate the relative importance of its TREF fractions on polymer 
properties.  
The chemical modification of the active sites is also to be studied. Initially the effect 
of various polymerisation conditions on the catalyst system will be investigated, varying 
conditions such as the cocatalyst/catalyst pre-treatment time, polymerisation temperature, 
cocatalyst/catalyst ratio, monomer pressure, hydrogen pressure, and external electron 
donor/catalyst ratio.  
A few specific reactions will be undertaken in order to perform in-depth analysis on 
the polymers produced. To this end the chemical environment of the active sites is to be 
altered via the use of external electron donors at various external donor/catalyst ratios. The 
type of external donor shall also be varied in order to provide another means to alter the 
properties of the polymer produced. Polymer will also be produced with the same catalyst 
system in the absence of external electron donor so that larger differences in properties can be 
investigated. Thus the effect of smaller and larger differences in the chemical environment of 
the active sites will be investigated in order to tailor the properties of the polymers produced. 
These polymers will be used to evaluate the effect of polymer microstructure on the properties 
of polypropylene such as the microhardness, modulus, and damping ability of the polymer. 
The importance of specific fractions of the polymer will also be investigated. 
The molar mass distributions of the polymers will also be deconvoluted as a means to 
evaluate the number of different active sites on the catalyst, and also as an additional means to 
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investigate the differences in the proportions of the actives sites and the molar mass of the 
polymers produced at the sites, upon variation of the reaction conditions.  
The effects of the physical removal of fractions shall also be correlated with the 
chemical alteration of the active sites in order to demonstrate the feasibility of the technique 
used. 
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Chapter 2 Historical background 
 
2.1 Polyolefins: A brief historical overview 
 
2.1.1 The first steps 
 
There were few people in the first half of the 20th century who would have thought 
that the phenomenon which has come to be known as plastic would play such a large role in 
the everyday life of just about every human being on the planet by the turn of the century. The 
idea of a polymer is actually far older than one might think, with J. Berzelius having used the 
term polymeric as early as 1832 [1]. Propylene was actually reported to have been 
polymerised as early as 1869 by M. Berthelot through a reaction with concentrated sulphuric 
acid [1]. The product, a viscous oil, was of little use however. Much early work was done by 
the likes of Goryainov and Butlerov who managed to polymerise pentene, propylene, and 
isobutylene by the addition of trace amounts of boron trifluoride [1]. Their attempts to 
polymerise ethylene however failed. It was Butlerov who actually first used the term 
“polypropylen” in 1876.  
Polymerisations of ethylene were also attempted in the 19th century with H. von 
Peckman [2] managing to polymerise small amounts of ethylene to low molar mass by the 
decomposition of diazomethane, reported in 1898, as illustrated in equation 1.  
 
    n(CH2N2) → (CH2)n + n(N2)     (1) 
 
Soon after this discovery Bamberger and Tschirner [2] managed to produce larger quantities 
of this material which was given the name “polymethylene”. The decomposition of 
diazomethane was found to be catalysed by boron compounds, which enabled the complete 
decomposition of diazomethane into polymethylene and nitrogen [3].  
During the first half of the 20th century ethylene was polymerised in the presence of 
diethylmercury [4] and also by the condensation of decamethylene bromine [5]. The Fischer-
Tropsch reduction of carbon monoxide with hydrogen was also used by, among others, Koch 
and Ibing [6], and generally produced low molar mass material although this could be altered 
by the reaction conditions in order to produce crystalline paraffins [2].  
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The first commercial polyolefin was low density polyethylene (LDPE) which was first 
reported in 1933 when Fawcett and Gibson at Imperial Chemical Industries (ICI), used high 
pressures to try and condense ethylene and benzaldehyde at 200 °C [7]. Due to technical 
difficulties, such as the high pressures needed and the control required for the highly 
exothermic reaction, the first plant for commercial production of LDPE was only ready in 
1939 [2]. This material was mainly used during the war as insulation for cables used in radar 
applications [2].  
The development of LDPE sparked renewed interest in the more linear form of the 
polymer, namely high density polyethylene (HDPE). Very high pressures were used by 
Larson and Krase [8] in order to produce linear polyethylene. In 1943 Bailey and Reid of 
Phillips Petroleum Company passed ethylene over a nickel oxide catalyst on an 
aluminium/silica support and managed to produce oligomers. Their colleagues, Hogan and 
Banks, altered this recipe slightly and passed the ethylene over a chromium salt on an 
aluminium/silica support and obtained HDPE [9]. This became the dominant method for the 
production of HDPE worldwide. By the middle of the 20th century crystalline polyethylene 
was known to the world to some extent, however, crystalline polypropylene had not yet been 
discovered. Advances in this field were soon to come through the groundbreaking research 
taking place in the laboratories of K. Ziegler and G. Natta.  
 
2.1.2 The origins of the Ziegler-Natta catalyst 
 
One of the first steps on the road to the discovery of what are commonly known today 
as the Ziegler-Natta catalysts was made in 1930 when C. Marvel and M. Frederick 
accidentally polymerised ethylene in the presence of butyllithium and tetraethylarsenium 
bromide. Ziegler and co-workers followed this up with investigations of alkali metal alkyls 
and their polymerisation of conjugated dienes [10-12]. In 1937 Hall and Nash used aluminium 
chloride as a catalyst in ethylene polymerisation and noticed that alkyl aluminium was 
produced during the reaction [13]. This development eventually led to the production of 
polyethylene in the presence of aluminium chloride and titanium tetrachloride which was 
patented by Fischer in 1953 [14]. The lithium alkyls were further investigated by Ziegler who 
noticed that they could not polymerise to high molar mass due to premature termination of the 
chain and precipitation of lithium hydride (see equation 2). 
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LiR + nC2H4 → Li(CH2-CH2-)nR → LiH↓ + CH2=CH-(CH2-CH2-)n-1R  (2) 
 
Due to the limited solubility of the lithium hydride Ziegler decided to replace it with the more 
soluble lithium-aluminium hydride which was found to react with ethylene to form LiAlEt4 
[15]. This led to the discovery that the triethylaluminium (TEA) was more efficient for 
ethylene polymerisation and enabled the further investigation of the metal alkyl and metal 
alkyl hydride equilibrium. The process by which Ziegler called the polymerisation of higher 
molar mass homologues of ethylene in the presence of triethylaluminium was the “Aufbau” 
reaction as illustrated in equation 3 and involved the insertion of ethylene units into an Al-C 
bond without the formation of a branch.  
 
     CH2CH3                               (CH2CH3)pCH2CH3
AlH3 + 3 CH2=CH2 → Al-CH2CH3            Al-(CH2CH3)qCH2CH3  (3) 
     CH2CH3                       (CH2CH3)rCH2CH3
 
Molar masses (Mw) in the order of 3000 to 30 000 g/mol were claimed [16]. A displacement 
reaction prevented the formation of high molar mass material (equation 4). 
 
  Al-(CH2CH2)m-CH2CH3 →  Al-H + CH2=CH-(CH2CH2)m-1-CH2CH3  (4) 
CH2=CH
 
The discovery of 1-butene during a reaction of ethylene and triethylaluminium was initially a 
cause for concern as it appeared that the reaction had not worked. What actually happened 
was crucial to further development work. The displacement reaction had been catalysed by 
colloidal nickel originating from a previous hydrogenation experiment in the reactor. A 
systematic investigation followed in order to determine if any other metals affected the 
polymerisation in a similar way since if one metal could slow down a reaction perhaps there 
were others which would speed it up. The breakthrough came when HDPE was polymerised 
in the presence of zirconium acetylacetonate at low pressures [17]. It was discovered that the 
most active catalyst was made from titanium tetrachloride and triethylaluminium. This was 
developed for the manufacture of HDPE on a large scale (although most HDPE was 
eventually made by the Phillips catalyst process) and designated by Ziegler as the “Mulheim 
Atmospheric Polyethylene Process”. 
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2.1.3 The development of stereoregular polymerisation 
 
At this stage in the development of the polyolefin industry very little was known about 
the stereoregularity of polymer chains. Indeed it was only during the 1940’s that a 
stereoregular polymer was first observed which had originated from an asymmetric monomer 
(cis-1,4 isoprene), namely natural rubber [18]. Crystalline polyethylene (PE) was at least 
partially understood while crystalline polypropylene (PP) had never been observed and all 
propylene polymerisations at this time had resulted in low molar mass amorphous oils. There 
were two important discoveries in the late 1940’s which showed that stereoregular 
polymerisation was possible for vinyl and diene monomers. The first discovery by Morton 
[19] was that a mixture of allyl sodium, sodium isopropoxide, and sodium chloride 
polymerised butadiene to a trans-1,4-polymer. The second development by Schildknecht was 
the stereoregular polymerisation of a vinyl monomer using vinyl isobutyl ether and BF3 
etherates in a propane solvent at -78 °C [20, 21]. These steps demonstrated that stereoregular 
polymerisation was indeed possible. 
After developing the Mulheim Atmospheric Polyethylene Process, Ziegler revealed 
his findings to Montecatini Company (Italy) and Goodrich-Gulf Chemical Company (USA). 
Giulio Natta, then a consultant for Montecatini, undertook to investigate this new catalyst 
system [16] and placed three of his assistants in Ziegler’s laboratory [1]. In 1954 Natta, 
working with the Mulheim catalyst, managed to produce a mixture of amorphous and 
crystalline material. After attempting the reaction with other titanium chlorides such as 
αTiCl3 he managed to produce far more crystalline material which was established to have 
long sequences of monomeric units having the same configuration.  
 
 
Figure 2.1 The different stereo-conformations of polypropylene. 
 8
Stellenbosch University http://scholar.sun.ac.za
The polypropylene which was produced had different stereo conformations, the nomenclature 
of which was actually suggested by Natta’s wife. The different stereo configurations of 
polypropylene were designated as isotactic, syndiotactic, and atactic, and are illustrated in 
Figure 1.1. Natta applied for a U.S. patent which was assigned to Montecatini. From this point 
on there were many developments as the new catalyst system was put through its paces, Natta 
and co-workers alone contributing over 170 reports over the following few years [1]. The 
polymerisation of stereoregular polymers has enabled the development of a broad range of 
polymers with different properties, helping the commodity to reach a very strong position in 
global markets. 
 
2.2 Ziegler-Natta catalysts 
 
A Ziegler-Natta catalyst can be defined as a transition metal compound which has a 
metal-carbon bond that is capable of the repeated insertion of olefin units. The catalyst system 
used for Ziegler-Natta polymerisations usually consists of the catalyst itself, which is a 
transition metal salt, and an activator or cocatalyst, which is a main group metal alkyl that 
generates the active metal-carbon bond. The catalyst as we know it today was not created 
overnight and it is only after countless hours of investigation by many researchers that the 
current level of development has been reached. 
 
2.2.1 The development of the Ziegler-Natta catalysts 
 
Since the early work of Ziegler and Natta the catalyst has continuously evolved, 
various improvements having been made over the years. 
During the development of the first generation of Ziegler-Natta catalysts the various 
crystal modifications of TiCl3 were investigated, some of which also contained co-crystallised 
AlCl3 or AlRCl2. The various crystal modifications were designated as α, γ, and δ (violet in 
colour), and the β-form (brown). The α-form exhibits hexagonal Cl packing, while the γ-form 
has cubic packing [22]. The δ-form consists of random hexagonal and cubic close packing, 
while the β-form on the other hand is of a more fibre-like structure [23]. The Ti3+ 
coordination is octahedral in all modifications. 
These catalysts were prepared by reduction of TiCl4 with either aluminium metal or 
aluminium alkyls. Those reduced by aluminium metal were usually ball-milled in order to 
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convert the α- or γ-forms into the more active δ-form, and also to reduce the crystallite size 
thereby increasing the surface area of the catalyst [24]. Reduction by aluminium alkyls has the 
advantage that if the reaction conditions are carefully controlled then catalysts particles can be 
formed with a certain shape and a narrow particle size distribution [22].  
The most important factors affecting the polymerisations with this type of catalyst 
were the crystal modification type and the cocatalyst, although the extent of milling and the 
presence of co-crystallised AlCl3 also played a role. Generally the α, γ, and δ-forms produced 
material of similar isotacticity while the β-form produced material of significantly lower 
isotacticity [25, 26]. Co-crystallisation of AlCl3 was found to generally decrease the molar 
mass and slightly broaden the molar mass distribution (MMD). The stereospecificity was not 
significantly altered although an increase in activity was observed [27]. TEA and 
diethylaluminium chloride (DEAC) as co-catalysts were found to lead to the most active 
catalysts. These catalysts are often referred to as AA-TiCl3 catalysts (aluminium reduced and 
activated). Removal of catalyst residues (de-ashing) was required however as the activity was 
not high enough at this stage. 
Further developments led to the next generation of catalysts which from a structural 
viewpoint were characterised by a smaller crystallite size and a much increased surface area. 
They also contained far less co-crystallised AlCl3 and AlRCl2. These advances were mainly 
reached due to different reduction methods. As much of the development work was done by 
Solvay [28], these catalysts are often referred to as “Solvay” TiCl3 although the term “low-
Al” catalysts has also been used [22]. The catalyst shape was claimed to be nearly spherical 
and to consist of many smaller sub-particles of very small crystallites (50 – 100 Å). Compared 
to the earlier AA-TiCl3 catalysts the productivity (12-15 kg PP/g catalyst) and isotacticity 
(≅98%) of these Solvay type catalysts were considerably improved and much better polymer 
morphology was obtained. Lewis bases were also incorporated into the catalyst recipe at this 
time and a number of different compounds such as esters, ethers, amides, amines and ketones 
were experimented with. An increase in stereospecificity was obtained using the Lewis bases 
and activities were high, however, catalyst residues were still too high, leading to poor quality 
of products. Solvay used di-isoamyl ether successfully as an electron donor and reported it in 
1973 [28]. 
The next step in the evolution of the Ziegler-Natta type catalysts was the use of a 
support on which to site the catalyst. Initial work on conventional supports bearing surface 
functional groups yielded mixed results with some being highly active for ethylene 
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polymerisation, however, the lower activity of propylene meant that these supports did not 
work for propylene polymerisations. It was eventually discovered [29] that MgCl2 could be 
used as a very effective support for the catalyst for both ethylene and propylene 
polymerisation. This group of catalysts became known as the third generation of Ziegler-Natta 
catalysts and the use of a support became an integral part of further development in the field. 
The main problem with the original supported catalysts was the low isotacticity (<50%) of the 
polymer produced as a result of the limited applicability of the early types of Lewis base to 
the supported catalysts. This led to the investigation of other types of Lewis base more suited 
to use with a supported catalyst.  
The Lewis bases are also often referred to as electron donors and can be separated into 
two categories, namely the internal donors (ID) which are added during catalyst preparation, 
and the external electron donors (ED) which are added together with the cocatalyst during the 
polymerisation. Initially the most common compounds used as electron donors were the 
aromatic monoesters such as ethylbenzoate (EB), methyl-p-toluate, and p-ethoxy-
ethylbenzoate. If a monoester was employed as internal donor then the best external donor to 
be used in conjunction with it were also monoesters. The most common monoester used by 
far being ethylbenzoate. Atactic material removal was, however, still necessary as this still 
constituted as much as 10% of the material produced. 
The three main routes to the incorporation of the electron donors were mechanical, 
mechanical and chemical, and chemical [22]. Mechanical processes involved the ball milling 
of the MgCl2 support, TiCl4, and an internal donor to form the catalyst. A combination of 
mechanical and chemical processed involved the milling of the support with the Lewis base 
followed by treatment with TiCl4 in a suitable solvent. Purely chemical routes involve 
processes such as reaction of the support with a Lewis base to form a complex which is then 
treated with the internal donor and excess TiCl4 and subsequently washed several times. The 
chemical routes have proved to be the most preferred ones in the later stages of supported 
catalyst development.  
The introduction of the new types of Lewis base, more suited to polymerisations using 
a supported catalyst, heralded a new era for the production of polyolefins and improvements 
were soon to be made in the type of compounds used as electron donors. The fourth 
generation of catalysts utilised diesters, such as diisobutyl phthalate, as internal donors along 
with alkoxysilanes as external donors. These catalysts are the most common in today’s 
industrial processes due to their improved activity/isotacticity balance.  A relatively new 
development in terms of the Ziegler-Natta catalyst has been the discovery that hindered 1,3-
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diethers can be used as internal donors during catalyst preparation and that these catalysts do 
not require an external donor to be added with the cocatalyst during the polymerisation in 
order to obtain highly active and stereospecific catalysts [30].  
 
2.2.2 Polymerisation chemistry 
 
2.2.2.1 General mechanism of polymerisation 
 
A Ziegler-Natta catalyst can be defined as a transition metal compound incorporating a 
metal-carbon bond which is able to perform the repeated insertion of olefin units [22]. The 
active centres of Ziegler-Natta catalysts are basically formed due to interaction between a 
transition metal compound and an organometallic cocatalyst [31, 32]. The most common 
cocatalysts which have been used in recent times are TEA, DEAC, and tri-isobutylaluminium 
(TIBA) although the aluminium-alkyl-chlorides usually offer poorer performance and are 
usually used in conjunction with the aluminium-tri-alkyls [22]. The exchange of a halogen 
atom from the transition metal compound and an alkyl group from the organometallic 
cocatalyst is a critical step in the formation of the active centre [16, 31], as illustrated in 
equation 5 for a TiCl3/AlEt3 system:  
 
   [TiCl3] + [AlEt3]  →  [ClTiEt] + AlEt2Cl    (5)  
 
The most important factor regarding the bond between the transition metal atom and 
the carbon atom is that it has the ability to react with the double bonds of α-olefins [31]. The 
insertion mechanism has been proven by the presence of isobutyl chain-end groups formed in 
the first step of the polymerisation reaction using 13C-enriched Al(CH3)3 [33]: 
 
M-13CH3 + CH2=CH-CH3  →  M-CH2-CH(CH3)-13CH3   (6) 
 
 A great number of different models have been proposed with regards to the 
polymerisation mechanism. Bimetallic models proposed by Patat and Sinn [34], and Natta and 
Mazzanti [35], were furthered by Rodriguez and van Looy [36] and consist of a ligand, such 
as a chlorine or alkyl group, and the last carbon atom of the rowing chain linking the 
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aluminium and titanium through a double bridge. Steric interactions between the metal alkyl 
and complexed olefin were given as the source of stereoregularity.  
There are also a number of monometallic mechanisms such as the trigger mechanism 
was proposed by Ystenes [37] involving a pseudo-seven coordinated complex in the transition 
state and two monomer molecules which interact with each other. One monomer molecule is 
always coordinated to the metal of the active site and is only inserted when another monomer 
molecule arrives to trigger the insertion. By far the most widely accepted model to date has 
been that of Cossee [38] and Arlman [39]. Their model consists of two main steps, the first 
being coordination of the incoming monomer unit at a vacant octahedral coordination site 
with the double bond of the monomer parallel to the metal-carbon bond. The second step is 
chain migratory insertion of the monomer unit between the metal atom of the catalyst and the 
last carbon atom of the growing chain. This takes place via a four-member transition state 
consisting of the metal atom, the two carbons of the monomer unit and the last carbon of the 
growing chain. According to the model of Brookhart and Green [40] and theoretical studies 
by Cavallo et al. [41] and Boero et al. [42] the insertion is strongly assisted by α-agostic 
interactions between the metal atom and the C-H bond of the growing chain. After the 
insertion the growing chain migrates back to its original position thus preserving the 
stereoselectivity of the active site.  
Non-bonded interactions, between the incoming propylene monomer and the β-carbon 
of the growing chain, have proved to be extremely important in determining the preferential 
enantioface coordination of the monomer. The methyl group of the coordinating propylene 
monomer unit lies on the other side of the plane defined by the metal carbon bond and the 
monomer units’ own double bond. This has been shown due to fact that insertion into a Ti-
CH3 bond is not stereospecific, while insertion into a Ti-CH2-CH3 bond is partially 
stereospecific [43, 44]. If the size of the alkyl group is increased (for example to an isobutyl 
group) then the insertion is stereospecific. It is therefore clear that the growing chain plays an 
extremely important role in determining the stereoregularity of the polymer chains produced 
from a prochiral monomer such as propylene.  
The insertion of the α-olefin into the metal-carbon bond can occur in two different 
ways [22]:  
 
M-P + CH2=Ch-CH3  → M-CH2-CH(CH3)-Polymer   (1,2 primary insertion) (7) 
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M-P + CH2=Ch-CH3  → M-CH(CH3)-CH2-Polymer  (2,1 secondary insertion) (8) 
 
where P represents the polymer chain. This defines the regiochemistry of the polymer formed. 
Heterogeneous catalysts have extremely high regiospecificity, resulting in mainly 1,2 
insertions [22]. The polymer chain is then grown through the repeated insertions of the 
monomer units. Secondary insertions can either be followed by a primary insertion, leading to 
vicinal methyl groups, or by isomerisation of the secondary inserted unit, resulting in 1,3 
insertion of the monomer [45]. The 1,3 insertions result in the following structure [46]: 
 
-CH2-CH(CH3)-CH2-CH2-CH2-CH2-CH(CH3)-CH2- 
 
The isomerisation is favoured by a higher polymerisation temperature [45].  
Eventually each growing polymer chain is disengaged from the transition metal atom. 
There are a number of ways in which this chain termination occurs. The first method of chain 
termination is chain transfer to monomer [31]. This is the most important chain termination 
process for the polymerisation of propylene with heterogeneous catalysts (in the absence of 
hydrogen) [22, 32, 41]. It involves the replacement of a long alkyl chain at the transition metal 
atom with a short alkyl group derived from the monomer as illustrated in equation 9: 
 
M-CH2-CHR-Polymer + CH2=CH-R → M-CH2-CH2-R + CH2=CR-Polymer  (9) 
 
A second reaction which can occur is the alkyl group transfer between the active centre and 
the organometallic cocatalyst as illustrated in equation 10: 
 
M-CH2-CHR-Polymer + AlEt3  → M-Et + Et2Al-CH2-CHR-Polymer  (10) 
 
The Al-C bond decomposes on exposure to air and moisture, leaving a polymer molecule 
[31]. The third way in which termination occurs is by means of a β-hydride elimination 
(Equation 11), although this process is not considered important in propylene polymerisation 
with heterogeneous catalyst systems at normal polymerisation temperatures [22]: 
 
M-CH2-CHR-Polymer  → M-H + CH2=CR-Polymer   (11) 
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Equation 11 does however become a significant chain termination reaction in metallocene-
based catalyst systems [22]. There is also the β-methyl elimination method of chain 
termination, although this process has never been observed during the polymerisation of 
propylene with heterogeneous catalyst systems [22]. It is, however, important during 
homogeneous polymerisations. The chain termination reactions occur very infrequently 
compared to the chain growth reactions [31]. In order to limit the molar mass of the polymer 
formed, hydrogen is usually introduced to terminate a growing chain according to the so-
called chain transfer to hydrogen reaction [47], as illustrated in equation 12: 
 
  M-CH2-CHR-Polymer + H2 → M-H + CH3-CHR-Polymer   (12)  
 
The chain transfer to hydrogen reaction is the most commercially important method of 
controlling the molar mass [31]. 
During the course of a polymerisation the catalyst also undergoes an ageing process 
and there is a point during the polymerisation where the catalyst is at its most active. After 
this point has been reached the catalyst begins to decay and productivity decreases. This is 
due to the over-reduction of the Ti species. The active species for propylene polymerisation is 
Ti(III). Reduction of Ti(IV) is required to produce Ti(III), however, should the Ti species 
become over-reduced by the cocatalysts to Ti(II) then that particular site would not be active 
for propylene polymerisation [48]. 
 
2.2.2.2 Polymerisation control mechanisms and stereochemistry 
 
One of the most important factors governing the applications of polypropylene is the 
isotacticity of the material. In order to produce highly crystalline polypropylene the 
isotacticity of the polymer chains must be very high. Therefore, when one is looking at the 
perfection of the order of the polymer chains one must consider the stereoregularity of the 
chains as well as the regioregularity of the insertions. The critical time for the determination 
of the stereospecificity is during the coordination of the incoming monomer unit to the metal 
atom during the formation of the four-member transition state. Regioselectivity of the Ziegler-
Natta catalysts is generally much better than that of the metallocene catalysts [22, 31]. The 
majority of the monomer units will therefore be inserted in the primary (1,2) insertion mode 
during polymerisation with heterogeneous catalysts. The coordination of the enantioface is, 
however, still an issue for these types of catalysts and a lack of configurational regularity 
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would result in an atactic polymer with few uses. Multiple insertions of the same enantioface 
are therefore required for the formation of isotactic polymer. 
Two possibilities exist for governing the selection of the enantioface [22]. The first 
involves control by the chiral induction of the last inserted unit and is referred to as chain-end 
control. The second possibility is the asymmetry of the initiating site and this is known as 
enantiomorphic site control. The differences in the polymerisations with the different control 
mechanisms are illustrated in Figure 2.2. 
 
 
Figure 2.2 An illustration of the different types sequence distributions, and the control mechanisms which 
cause the formation of the sequences in heterogeneous catalysts.  
 
The different types of propagation errors that can occur during the polymerisations can be 
identified using 13C nuclear magnetic resonance (NMR) spectroscopy (this will be discussed 
further in Chapter 3). It has been proven via 13C NMR that the general mechanism for the 
isospecific polymerisation of propylene with Ziegler-Natta catalysts is enantiomorphic site 
control. This was achieved by end-group analysis of isotactic polybutene obtained with TiCl3 
and AlEt3 enriched with 13C at the methylene carbons. The end groups resulting from the first 
and second monomer insertions during this polymerisation are stereoregular despite the 
absence of asymmetry in the original ethyl group and alkyl group after first monomer 
insertion [43, 49]. It is therefore possible to get an idea of the stereoselectivity and 
regioselectivity of the catalyst through examination of the material produced.  
A secondary insertion often leads to a dormant active site as opposed to incorporation 
of the defect into the chain. Incorporation of the defect into the chain can occur, however, in 
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the presence of hydrogen, chain transfer to hydrogen almost always takes place [50]. This can 
have the effect of actually increasing the average isotacticity of the polymer chains as less 
defects are incorporated into the chains so that the average isotacticity actually increases with 
increasing hydrogen content [50, 51].  
The nature of the active sites on the catalyst is therefore critical in determining the 
type of polymer chains that are produced by a given catalyst system. This in turn determines 
the end-use properties of the polymer. A more in depth discussion on the nature of the active 
sites of Ziegler-Natta catalysts is therefore required in order to understand as comprehensively 
as possible what effect small changes in catalyst composition will have on the active sites.   
 
2.2.2.3 Catalyst active sites: The support 
 
Although other supports have been used with varying degrees of success, it is MgCl2 
which has dominated the scene with regards to supported Ziegler-Natta catalysts. This has 
been due to the unprecedented level of activity and stereospecificity obtained while using this 
material as a support. There are actually two crystalline modifications of the MgCl2 crystal, 
namely the α- and β-forms, although the β-form is less stable and so it is the α-form which is 
used commercially [22]. The α-form consists of a cubic-close packing structure of double 
chlorine layers with interstitial Mg2+ ions in a sixfold coordination. The actual form of the 
crystal which are used during the Ziegler-Natta polymerisation is a disordered structure 
resulting from the translation and rotation of the MgCl2 layers with respect to one another in 
the stacking direction [52] and this is often referred to as activated or δ-MgCl2. The actual 
activated support used during the polymerisations can be seen as an agglomeration of smaller 
crystallites which have exposed lateral surfaces with Mg2+ ions with different levels of 
unsaturation and steric hindrance [22].  
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Figure 2.3 The lateral cuts of the MgCl2 crystal. 
 
It had originally been determined experimentally by Giannini [52] that the preferential 
lateral cuts of the MgCl2 crystal correspond to the (100) and (110) cuts. These lateral cuts 
contain coordinatively unsaturated Mg2+ ions with coordination number 4 on the (110) cut and 
5 on the (100) cut as illustrated in Figure 2.3. However, there has been some confusion 
regarding the assignment of the Miller indexes to the lateral cut with coordination number 5, 
which was originally assigned the (100) index. Recent studies by Mori [53] and Boero [54] 
classified this lateral cut as (104) according to the International Tables for Crystallography 
[55]. This was confirmed by Busico [56] who traced the disagreement  to the size of the 
crystals used to determine the lateral cuts, (100) being accurate for single structural layers 
while (104) is more accurate for whole MgCl2 crystals. Since most references have referred to 
the (100) surface as such, the following discussions will still use this assignment if it is used 
in a given reference although (104) is actually the correct index and this will be used for 
general discussion.  
Recent work by Andoni et al. [57-60], utilising the Ostwald ripening process to 
increase the size of the MgCl2 crystals so that they can be observed via AFM and SEM, has 
shown that MgCl2 crystals consist of two main lateral cuts with 90° and 120° edge angles. 
They also showed that polymerisation occurs on these lateral cuts and not on the basal (001) 
plane of the crystals and concluded that the 90° and 120° lateral cuts referred to the (104) and 
(110) respectively [60].  
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2.2.2.4 Catalyst active sites: Titanium – support complex formation 
 
During the preparation of the catalyst there must be some degree of coordination of the 
Ti species to the support. There have been a number of investigations into the manner in 
which this takes place. Carr-Parrinello investigations of the interaction between mononuclear 
and dinuclear Ti-species were performed by Boero et al. [54]. They observed that the (100) or 
(104) surface is not able to carry out the polymerisation process efficiently and that the Ti-
species can coordinate only in dinuclear configuration. The dinuclear configuration of Ti 
species was also possible on the (110) surface, however, this was shown to destabilise as well 
during the polymerisation process. The mononuclear configuration was however a stable 
active site on the (110) surface, although it was unstable on the (100) surface. Different 
coordination modes on the different surfaces are illustrated in Figure 2.4. 
 
 
Figure 2.4 Catalyst active sites on (104) and (110) cuts of the MgCl2 crystal. 
 
 Research by Monaco et al. [61] supports these results in that their DFT calculations 
also show that monomeric TiCl4 and TiCl3 coordination is favoured on the (110) surface. 
Dinuclear coordination of TiCl3 fragments were found to be able to coordinate to the (100) 
surface. Brambilla et al. [62] also showed via Raman spectroscopy that a MgCl2-TiCl4 
complex is formed with Ti atoms in an octahedral coordination. As can be seen from Figure 
2.4 the coordination mode of the Ti species is critical in determining the stereoregulating 
ability of the active site. An isolated Ti atom on the (110) cut would produce atactic material 
in the absence of a donor while if two donors were bridge-coordinated on either side of the Ti 
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atom then isotactic material would be produced [63]. The dimeric Ti species on the (104) 
surface produces isospecific active sites [64], while the monomeric species on (104) produces 
aspecific active sites. The chiral dimeric species on (104) being the only stereoregulating 
active site in the absence of electron donors [64]. This is the reason why electron donors have 
developed into such a vital part of the catalyst system since it is through direct competition 
with the Ti species that the internal electron donors coordinate to the support and in doing so 
impose certain configurations of the Ti species on the surfaces.  
 
2.2.2.5 Catalyst active sites: The internal electron donor 
 
Due to the fact that electron donors play such a large role in the usefulness of a 
catalyst a great amount of research has been dedicated to this field over the last couple of 
decades. The internal donors are added during catalyst preparation and thus compete with 
TiCl4 for coordination sites on the support [65]. There have been a number of different types 
of compounds [16] which have been used as electron donors such as triethylamine used in 
early work by Burfield and Tait [66] as well as a host of others which were initially 
investigated [16]. The most prominent internal electron donors which have been reported in 
the literature are ethyl benzoate, and the bifunctional phthalates and diethers, and it is also 
these donors which have played the largest role in recent and current industrial processes. 
Generally the 1,3-diether systems are more active than the diester based systems due to an 
increase in the number of active centres rather than an increase in propagation rate constant 
(kp) of the active sites [67].  
 It has been shown via a number of studies that coordination of the internal donor to 
the support is dependent on the functionality of the donors. For example, theoretical studies 
by Correa et al. [63] have shown that Lewis bases such as phthalates, succinates, 
alkoxysilanes, and diethers were found to coordinate strongly to the (100) and (110) lateral 
cuts of the MgCl2 crystal. A single coordination mode was favourable on the (100) lateral cut 
but several coordination modes were possible on the (110) cut. With regard to the Lewis base 
a short spacer between the coordinating O atoms of the donor (alkoxysilanes and 1,3 diethers) 
resulted in a chelating coordination while longer spacers (such as the four atom spacers of 
phthalates and succinates) allow more configurations such as bridged coordination as well as 
coordination with vicinal monolayers. Liu et al. [68] determined that there was competitive 
coordination between the =O and -O- oxygen atoms of the monoester-type electron donors 
with the MgCl2 support. The effect of various electron donors on TiCl4 in solution were 
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investigated by Cavallo et al. [69] by means of calorimetric investigations and it was 
discovered that in all cases the stable structure in solution is represented by an octahedral Ti 
atom with two oxygen atoms coordinated. They also showed that the ether oxygen atom is a 
much better σ-donor than the ester oxygen atom. 
There is a large amount of IR data on the coordination of EB to the catalyst [70-72] 
and the summation of these results is that there is a shift in the C=O stretching frequency from 
1725 cm-1 in the free ester to 1680 cm-1 - 1700 cm-1 in the catalyst mixture as well as in 
EB/MgCl2 mixtures. This has been explained as evidence that the ester group coordinates to 
the Mg and not to the Ti. Data for the phthalates [73-75] have also shown a shift in the C=O 
stretching frequency from 1730 cm-1 to 1685 cm-1 – 1700 cm-1 in the catalyst/EB and 
EB/MgCl2 mixtures. This evidence points to the EB donor coordinating to the support directly 
and not to the Ti species. There has also been some evidence, however, from both IR [76] and 
electron spin resonance (ESR) [77] that small amounts of EB or phthalates might be 
coordinated to both Mg and Ti.  
The coadsorption and support mediated interaction between the Ti species and EB 
donor were investigated by Taniike and Terano [78, 79]. They found that the relative position 
of both the Ti species and the EB donor were random on both the (100) and (110) lateral cuts. 
They also discovered that if the Ti species and EB were close together on the support then the 
MgCl2 facilitated electronic transfer selectively on the (110) crystal face.  
Cui et al. [65] examined the effect of a diether on the polymerisation and concluded 
that as the donor/Mg ratio increased the Ti content decreased and that this was due to the 
donor coordinating directly with the MgCl2 support and thus competing directly with the Ti 
species. Toto et al. [80] found that diethers coordinated preferentially on the (110) surface 
when used as internal donors. 
A theoretical study [81] of alcohols, esters, and ketones used as electron donors has 
shown that the alcohols coordinated more strongly on the 5-coordinated Mg atoms on (101) 
than the 4-coordinated Mg atoms on (110). Esters were more stable coordinated on the (101) 
surface and ketones were most stable on the (110) surface. Carr-Parrinello investigations have 
also shown that the internal donor di-n-butyl phthalate (DNBP) binds very efficiently to the 
(100) surface in bidentate configuration with a less strong binding on the (110) where a singly 
bonded structure was the most stable [54]. 
A number of studies have also shown that the internal donor can easily be extracted 
from the surface of the support by the alkyl aluminium cocatalyst [82-86]. Monoesters such as 
ethylbenzoate are extracted the easiest and soonest [83], while the diesters such as the 
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phthalates are also extracted  to some extent at slightly longer induction times [85] although 
not to the same degree as the monoesters. The diethers on the other hand do not seem to be 
extracted at all from the surface of the support as evidenced by the fact that no external donor 
is required when using the diethers as internal donors [87].  
The interaction between the internal donor and the alkyl aluminium cocatalyst has 
been investigated [88, 89] and it is believed that the interaction involves the formation of an 
acid-base complex through the carbonyl oxygen of the donor. The complex is thought to 
occur mainly in a 1:1 ratio for the monoesters. Further reactions are possible with these 
complexes such as alkylation of the carbonyl group complexed to the alkylaluminium, and 
also reduction of the carbonyl group.  
Specific differences between the effect of the internal donors on the structure of the 
MgCl2 crystallites has also been demonstrated recently [60]. Using a diether as an electron 
donor lead to the formation of 120° edge angles only, while using a monoester or diester 
resulted in both 120° and 90° edge angles being formed in the crystallites. Due to the fact that 
the diethers generally preferentially coordinate to the (110) surface [80] the 120° edge angles 
have been  assigned as the (110) surface while the 90° edge angles correspond to the (104) 
surface. 
It would therefore seem that the roles of the internal donor are as follows: 
 
• Competitive coordination with the Ti species on the support so that the Ti species 
cannot coordinate to the (110) surface and form aspecific sites.  
• Coordination with the support in the region of the Ti-species thereby converting 
aspecific sites into isospecific sites. 
• Deactivation of aspecific sites, although this is mainly achieved via the process of 
competitive coordination as mentioned in the first point. 
• Influencing the formation of MgCl2 crystallites with specific surfaces. 
 
2.2.2.6 Catalyst active sites: The external electron donor 
 
As far as the external donor is concerned there have been a number of different types 
which have been used over the years, namely different monoesters such as EB and methyl-p-
toluate representing the third generation of Ziegler-Natta catalysts, and a variety of 
alkoxysilanes used in conjunction with diethers as internal donors representing the fourth 
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generation of catalysts. The necessity of having to use an external donor during 
polymerisations has arisen from the problem of internal donor extraction by the cocatalyst as 
discussed earlier. However, until the discovery of the diethers as internal donors requiring no 
external donor, the combination of internal and external donor worked best with the external 
donor performing more than the simple role of replacing the internal donor in the system. The 
1,3 diethers appear to function in much the same way as the silanes when used as external 
donors.  
A complex is also formed between external electron donors such as the alkoxysilanes 
and the cocatalyst. The complex seems to only involve the oxygen atom from one of the OR 
groups of the silane irrespective of the number of OR groups present [22]. The complexes 
formed with the silanes are generally more stable than those of the esters and do not tend to 
react further. A number of researchers [28, 90] have also shown that in general the silanes 
favour the removal of the internal donor to a greater extent than the monoester donors. This is 
due to the fact that the silanes can form a stronger complex with the support than with the 
cocatalyst while the opposite holds true for the benzoic acid esters.  
 It has also been shown that the addition of external electron donors increases the 
amount of isospecific centres but does not increase the total amount of centres, implying the 
conversion of atactic sites to isotactic sites [91]. 
The roles of the external donor can be summarised as follows: 
 
• Replaces the internal donor extracted by the cocatalyst. 
• Reduces the ability of the alkyl aluminium cocatalyst to extract the internal 
donor by forming a complex with the cocatalyst. 
• Converts aspecific sites into isospecific sites by coordinating to the support in 
the vicinity of the active sites. 
 
It has also become clear that each type of electron donor has a certain influence on the 
active sites in its direct vicinity. This has been demonstrated by a number of researchers such 
as Sacchi et al. [87] who showed that the same isospecific centres were obtained when using a 
diether as an internal donor without any external donor, as were obtained when the same 
diether was used as an external donor and replaced the DIBP internal donor on the catalyst. 
This has meant that it is possible to tailor the structural characteristics of the polymers simply 
by changing the type and amount of the donor modifiers. Specific differences in the polymer 
microstructure as facilitated by the different donor types will be discussed in the next section.   
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As far as the structure of the external donors is concerned the molecular shape of the 
donor greatly affects the performance of the compound [92]. The bulkier silanes are the most 
effective modifiers of the fourth generation as they are more effective at forming 
stereoregulating active sites and are not extracted as much due to weaker complexation with 
the cocatalysts [93]. In general the highest isospecificity is obtained with a silane with at least 
two small alkoxy groups and a bulky alkyl or aryl group [94]. The methoxy groups in turn 
perform better than the ethoxy groups. The better the complexation ability of the donor the 
better the activating effect it will have. The complexation ability improves with the number of 
alkoxy groups as well as with a decrease in size of the alkoxy groups [95]. Concerning the 
alkyl or aryl groups on the silane the smaller the substituents, the better they are absorbed on 
the catalyst, however, the larger the substituents, the better the stereoregulating ability of the 
donor [95]. 
Different internal donors were used to investigate catalyst ageing on activity and 
stereospecificity. Dioctylphthalate was found to form a stronger complex with the catalyst 
then EB and was extracted to a much lesser extent by the TEA cocatalyst [86]. 
 
2.2.2.7 Catalyst active sites: The effect on the polymer microstructure 
 
 The influence of the various donor combinations and types is varied for each 
specific catalyst system, however, there are some general effects which have been observed 
and seem to hold true no matter what the system used. Generally the addition of an electron 
donor to the catalyst increases the isotacticity of the material produced [84, 96, 97]. The 
manner in which this takes place is a matter of debate, however, the general consensus is that 
the addition of electron donors increases the amount of isospecific centres via the conversion 
of atactic sites to isotactic sites [91, 98, 99] as well as converting moderately isotactic sites 
into highly isotactic sites. The molar mass of the polymers produced upon addition of the 
donors also increases [84, 97], while the polydispersity and activity generally decrease.  
It has also been found that there are differences in the kp of the various types of active 
sites. The kp of the active sites have been shown to vary as follows: aspecific < moderately 
isospecific  < highly isospecific [67, 91, 99]. Addition of electron donors generally causes a 
decrease in the kp of non-stereospecific active sites and increases the fraction of stereospecific 
centres [100]. A copolymerisation study by Busico et al. [101] showed that the diether system 
distributes regiodefects more uniformly than the phthalate/silane systems.  
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The pre-treatment time of the donor with the catalyst generally results in a decrease in 
activity as does pre-treatment of the cocatalyst with the external donor, however, the activity 
decrease due to the latter is generally much less severe [98].  
The electron donors are not singularly responsible for the isotactic sites as evidenced 
in a study by Matsuoka et al. [82]. They showed that the rate of internal donor extraction was 
faster than the rate of loss of isotacticity and so they proposed that the amount of internal 
donor is not always related to the isotacticity of a polymer. Matsuoka et al. [102] have also 
shown that active sites of highest stereoregularity can be formed without the presence of 
electron donors. 
DIBP/silane donor systems generally have a higher stereoregularity [103] and lower 
hydrogen response than EB based systems. The EB systems have a broader MMD. Diether 
systems produce polymers with the narrowest distribution [103] of molecular species, 
however, 2,1 insertions are important in these systems [104]. 
An increase in polymerisation temperature has been shown to correspond to an 
increase in the amount and tacticity of the isotactic material, and the isospecific sites produce 
more material at higher temperatures than moderately isospecific sites [105]. 
 
2.2.2.8 Catalyst active sites: Active site models 
 
A number of attempts have been made over the years to bring together all the 
information regarding the nature of the active sites in these catalyst systems into models so 
that better predictions can be made regarding changes in a catalyst’s composition. An early 
model for the isotactic polymerisation of 1-alkenes was proposed by Busico et al. [64]. They 
discussed much of their early work on propene polymerisation in terms of this model [106-
108]. According to this early model only the dinuclear Ti species formed on the (100) surface 
could lead to the formation of a stereospecific active site. Another early model was proposed 
by Kakugo et al. [109] which took into account both the δ-TiCl3 and β-TiCl3 as well as the 
case of supported catalysts. The models essentially demonstrated the coordination of the 
electron donors to a coordination vacancy on catalyst with two vacancies, thereby converting 
an aspecific site to an isospecific one. It also showed how a donor molecule could coordinate 
to an active site with a single vacancy and deactivate it.  
Sacchi et al. [87, 95, 110] have discussed active sites in terms of the equilibria which 
are present in a catalyst system. These equilibrium reactions are as follows: 
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Catalyst⋅ID Q Catalyst-[] + AlEt3⋅ID    (13) 
ED + AlEt3 Q AlEt3⋅ED      (14) 
Catalyst-[] + ED Q Catalyst⋅ED     (15) 
Catalyst-[] + AlEt3⋅ED Q Catalyst⋅AlEt3⋅ED (16) 
Catalyst-[] + AlEt3⋅ED Q Catalyst⋅ED + AlEt3 (17) 
 
Equilibrium (13) is present irrespective of the presence of an external donor. The formation of 
a complex between the external donor and cocatalyst in equilibrium (14) is also known to 
occur. Due to the fact that there is generally more cocatalyst present in the system compared 
to the external donor equilibrium reaction (15) is not so important and to a certain extent can 
be discounted. Concerning the coordination to the catalyst of the donor/cocatalyst complex it 
has been shown that the first step insertion stereoregularity is the same when using a diether 
as internal donor or when replacing a phthalate as internal donor thus showing that the nature 
of the active site is the same in each case. Equilibrium reaction (17) is therefore considered to 
be more important than equilibrium reaction (16).  Varying the amounts of these compounds 
in the system will therefore have a significant effect on the equilibrium reactions and 
therefore the nature of the active sites. 
Busico et al. [111] proposed a 3-site model in which they proposed active sites for 
highly isotactic, isotactoid (or weakly isotactic), and syndiotactic material on the basis of 
microstructural evidence gathered from 13C NMR data. 
The stopped-flow polymerisation technique [98] was used by Nitta et al. [85] to 
validate a model and explain the presence of highly isotactic sites in the absence of electron 
donors via the formation of a bimetallic complex which can form even in the presence of 
donors. This model was expanded upon by Liu et al. [112] incorporating specific roles of the 
alkyl aluminium cocatalysts on the formation of isospecific sites in the absence of electron 
donors [112]. Electron donors were then incorporated into the model [83] and discussed in 
terms of isotacticity of the sites, referred to as AS, IS1, IS2, and IS3 sites depending on the 
level of stereospecificity of the site. 
Liu et al. [113] also used the stopped-flow technique to draw up a modified 3-sites 
model which they use to try and explain the differences in the stereospecific roles of the 
catalytic Ti species, the cocatalyst, support, and electron donor not specified by the original 3-
site model of Busico. Aspecific and weakly-isospecific sites were shown to be transformed 
into isospecific sites by Ti-Al bimetallic complexation.  
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Busico et al. furthered their work on the general 3-sites model [111] by utilising 
propene/ethane-[1-13C] copolymerisation [101, 114] to investigate catalyst regioselectivity in 
catalyst systems with and without electron donors. The three-site model appears to hold for a 
variety of different active site configurations and is generally the model most researchers refer 
to, or base their own models on. Each of the three sites proposed by Busico can be subdivided 
into a variety of different sites depending on the ligands coordinated in the vicinity of the 
active sites. 
 
2.2.2.9 Polymerisation conditions affecting the reaction 
 
With regards to the reaction conditions and their effect on the polymerisation the 
following relationships generally hold true: 
 
• The polymerisation rate is directly proportional to the catalyst concentration [89, 115]. 
• Increasing the cocatalyst concentration generally increases the reaction rate of 
supported catalysts [89, 116], however, beyond a certain limit the decay rate increases 
possibly due to over reduction of the Ti species. 
• Supported catalysts usually show a direct relationship between the monomer 
concentration an the polymerisation rate [24, 52] 
• Increasing the reaction temperature generally has a positive influence on the reaction 
rate up to a certain temperature which is different for different catalyst systems [117, 
118]. Beyond this temperature the reaction rate decreases. 
• The effect of hydrogen on the system is also varied depending on the monomer and 
catalyst system [22]. Hydrogen has actually been shown to activate certain fourth and 
fifth generation catalyst systems presumably by reactivating dormant active sites after 
2,1 insertions [119].  
 
2.3 Polypropylene 
 
Since its discovery in 1954, isotactic polypropylene as a commodity has grown in 
leaps and bounds in terms of the production capabilities as well as the applications for the 
material. The major commercial sources of propylene monomer are via processes for the 
cracking of hydrocarbons. The major impurity in propylene monomer is propane; however, 
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minor impurities such as acetylenes, dienes, carbon monoxide, carbon dioxide, water, and 
alcohols can have more severe affects on the activity and stereospecificity of propylene 
polymerisation [120].  
 
2.3.1 Structure 
 
Polypropylene is essentially a semi-crystalline polymer. This means that there are a 
number of different regions within the polymer which makes this material so interesting. 
On the lowest structural level the polypropylene chains are characterised by varying 
levels of stereoregularity and regioregularity as discussed previously. The active sites on the 
catalyst are directly responsible for the variations that are obtained in this regard. 
Comprehensive analysis of the methyl, methine, and methylene regions and the different  
microstructures obtained has been performed by Busico et al. [121-123]. The microstructure 
is generally described by the terms meso (m) and racemic (r) which are used to describe the 
relative orientation of neighbouring substituents. An isotactic polymer has a high percentage 
of (m) positions of the methyl groups whereas syndiotactic polypropylene has a high 
percentage of (r) positions. The chains produced during the polymerisation are also 
characterised by their molar mass and molar mass distribution.  
The chains arrange themselves to form a helical structure and align in layers of right 
handed and left handed helices [124] in the crystalline regions. Depending on the manner in 
which these layers come together to form lamellae, different crystal structures are formed. 
Polypropylene has four crystal forms, namely the α-form (monoclinic), β-form (trigonal), γ-
form (orthorhombic) and a metastable mesomorphic form, often referred to as the smectic 
form [125, 126]. The smectic form is formed by fast cooling of the polymer melt at low 
temperatures [127] and represents a state of order intermediate between the amorphous and 
crystalline states [128]. All forms of the crystal contain chains in the characteristic 31 helix 
conformation of polypropylene [126]. There are in fact two types of monoclinic unit cells: the 
α1-form originally indexed by Natta and Corradini in the C2/c space group, and the α2-form 
in the P21/c space group [128]. The type of crystal phase evident in a given polymer is very 
much dependent on the microstructure of the sample as well as the thermal history of the 
sample. 
The crystal structure of the polymer in turn affects the lamellar structure of the 
polymer. The cross-hatched structure of the lamellae of α-phase polypropylene is well known 
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and one can distinguish between the thicker radial or mother lamellae and the thinner 
tangential or daughter lamella, which are grown epitaxially from the mother lamellae [128] by 
a process referred to as homoepitaxy [124]. Lamellae in turn form spherulites which are 
essentially aggregations of primary crystallites growing from a central nucleus. It has been 
shown that the spherulites structure depends on the tacticity of the chains. Increasing the 
tacticity increases the proportion of radial lamellae in the spherulites [129]. 
 
2.3.2 Properties 
 
The properties of the polymer depend to a great extent on the isotacticity of the chains 
which in turn affect the crystal type formed. For example the γ-phase crystal has a lower 
melting point than the α-phase, and also produces polymer with improved optical properties 
[130-133]. The molar mass also affects the properties such as the melting point [128], 
although consensus has not been reached on the exact melting point of a theoretical 100% 
crystalline polypropylene sample, however, an estimate for an extremely isotactic sample was 
made by Yamada et al. [134, 135] using both differential scanning calorimetry (DSC) and 
optical microscopy. One cannot discuss the melting properties of polypropylene without 
mentioning the multiple melting phenomenon which is often observed for these samples. 
Essentially despite a single, narrow crystallisation exotherm the chains of polypropylene often 
melt in two distinct regions of varying temperature. There is much debate surrounding the 
cause of the multiple melting endotherms [128, 136-140]. Multiple melting endotherms could 
be the result of different polymorphic forms, melting-recrystallisation effects, segregation by 
tacticity or molar mass, the melting of different regions in the crystalline structure such as 
radial and transverse lamellae, or even orientation effects [128, 136, 137, 140, 141]. Each case 
is different and the polymerisation process (i.e. chain microstructure) and thermal histories 
must be taken into account when discussing the multiple melting endotherms of any given 
sample. Generally speaking polypropylene samples have a reasonably high melting point of 
around 150 °C to 170 °C depending on the tacticity of the sample with more perfect chains 
being able to form thicker lamellae which in turn melt at higher temperatures.  
The degree of crystallinity of a given polypropylene sample is usually determined 
either by density measurements or by a comparison of the melting enthalpy of the sample with 
that of a theoretical 100% crystalline sample. A value of 209 J/g [142] is often taken as the 
enthalpy of fusion for the ideal 100% crystalline polypropylene. The crystallinity of a sample 
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varies significantly depending on the tacticity of the chains, molar mass and molar mass 
distribution. The degree of crystallinity plays a critical role in many of the applications of 
polypropylene since properties such as hardness, modulus and yield stress all depend on the 
level of crystallinity in the sample. 
Since polypropylene is a semi-crystalline material it also exhibits a Tg which occurs 
over a certain temperature range depending on the crystallinity of the sample although it is 
usually in the region of -10 °C to 0 °C. The Tg is often too weak to be detected by DSC 
especially in highly crystalline samples although other analytical techniques such as dynamic 
mechanical analysis (DMA) are able to detect the transition. The polymer is also generally 
only soluble in high boiling aliphatic and aromatic hydrocarbons at high temperature. One of 
the more useful properties of polypropylene is its excellent chemical resistance 
  
2.3.3 Production methods 
 
Production of polypropylene has grown in leaps and bounds over the last few decades 
and the growth rate in annual production has remained at around 7% for the last three decades 
[143]. Much of the growth has been maintained due to developing countries increasing their 
capacity dramatically over the last few years.   
Early commercial processes were batch polymerisations using TiCl3 catalysts which 
took place in a hydrocarbon medium. The demand soon became such that continuous 
processes became the norm such as the Hercules process used during the 60’s and 70’s. This 
involved a continuous feed of catalyst suspended in kerosene diluent to a series of stirred 
overflow reactors, monomer being added to the first reactor. The slurry is then contacted with 
isopropanol to terminate the reaction. Catalyst residue removal was however still necessary. 
Montedison utilised a similar process [144], however, the high costs of having to recycle 
diluent and alcohols used in the processes encouraged further development. Rexall Drug and 
Chemical and Phillips Petroleum pioneered the use of liquid monomer, which was 
polymerised in a slurry before being transferred to a cyclone to separate out the gaseous 
monomer in the Rexall process [145], while Phillips used a continuous loop reactor [146]. 
BASF were the first company to use a gas-phase process which they called the Novolen 
process utilising stirred bed reactors [147]. 
The introduction of high activity, high stereospecificity catalysts by Montedison and 
Mitsui enabled the development of processes in which removal of catalyst residues was not 
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necessary, thus saving enormous amounts on operating costs. The most widely used processes 
at present are the Spheripol, Unipol, and Novolen processes [120]. 
 
2.3.4 Applications 
 
There is an extremely large variety of applications for polypropylene products due to 
the versatility of this polymer and the development of the production processes to 
manufacture the polymer in a cost effective manner.  The processes developed have the ability 
to tailor the polymer for the desired application by altering the reaction conditions or 
including comonomers in order to manufacture random copolymers with increased flexibility 
or even impact copolymers which, as the name implies, have very good impact properties.   
One of the main uses of isotactic polypropylene is in injection moulding. The molten 
polymer is generally injected into a cold mould. The orientation of the polymer in the mould 
is an important factor in this process as is the melt temperature, mould temperature, melt flow 
rate (MFR), and polydispersity of the sample. Shrinkage of the sample in the mould is also a 
critical factor for these applications with thicker samples shrinking more than thinner ones. 
Homopolymers, random copolymers, impact copolymers and filled polymers are all used in 
the injection moulding process. 
Melt spinning of PP fibres is another process where PP has been used extensively. The 
molten polymer is forced through a spinnerette and is taken up on a reel. The degree of 
orientation imposed on the crystallites and fibrils in the fibre are important in determining the 
properties of the fibre.   
Melt-blowing of iPP makes use of high MFR (low molar mass) polymer material and 
involves the extrusion of material though a small die. The material is then disrupted by a flow 
of hot air followed by cooling by cold air which deposits the fibres onto a collecting plate 
where a mat of unorientated, very thin fibres is formed. This results in melt-blown fabrics 
with low tensile strength, however, the fabrics are very soft due to the small fibre diameter. 
PP is also used commercially in the production of films either as cast film or as 
biaxially oriented polypropylene (BOPP) films. Oriented films are much stiffer and stronger 
than the cast films which lack orientation. The BOPP films can therefore be made much 
thinner than the cast films and still maintain good physical properties.  
Blow moulding is also performed with low melt flow polymers. HDPE is usually 
preferred for this application but a number of PP grades have also been found to be suitable.  
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As a result of the fact that PP is the subject of attack by oxygen and excessive heat 
stabilisers are almost always added to the polymer grades too minimise these effects. Usually 
phenolic antioxidants are added, with some being added as processing stabilisers while others 
are added to protect the polymer in its final application. Typical examples are Irganox 1010, 
Irgafos 168 and BHT. 
 
2.4 Fractionation 
 
It has long been realised that in order to comprehensively characterise a semi-
crystalline polymer one cannot simply look at the polymer as a whole. Since the advent of the 
polyolefin industry there have been constant efforts to find better ways of characterising a 
material and the most common means of doing this has been by means of fractionation 
techniques. Fractionating a material has turned out to be an excellent way in which to 
examine the heterogeneity of molecular species within a given polymer sample, revealing 
much information regarding the way in which the polymers were made. The two main 
techniques used for fractionating a polymer, of relevance to this work, are fractionation 
according to crystallisability and molar mass, while a third technique, separation according to 
chemical composition distribution, is also discussed due to its importance for future 
developments. 
 
2.4.1 Fractionation by crystallinity 
 
A number of techniques have been developed over recent years to analyse semi-
crystalline polymers on the basis of crystallisability. The most established techniques being 
temperature rising elution fractionation (TREF) and crystallisation analysis fractionation 
(CRYSTAF), however, recent developments in the field include new techniques such as 
crystallisation elution fractionation (CEF) and solution crystallisation analysis by laser light 
scattering (SCALLS).  
 
2.4.1.1 TREF 
 
Much of the early work in this field was focused on ways to establish molar mass 
distributions. Desreux and Spiegels [148] were the first to realise that a semi-crystalline 
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polymer could be fractionated according to solubility at a given temperature, and that this 
fractionation was based on the ability of the polymer to crystallise and not simply on its molar 
mass. Their pioneering work involved the elution of fractions of polyethylene at successively 
higher temperatures.  Further development and refinement occurred in the field, but it was not 
until Shirayama et al. [149] described the method of fractionating low density polyethylene 
according to the degree of short chain branching that the term “temperature rising elution 
fractionation” was born. At this time See and Smith [150] were investigating the effect of 
different solvent/non-solvent mixtures of varying compositions on the elution of linear 
polyethylene and isotactic polypropylene. Their experimental setup was essentially the same 
as that used for TREF, with the exception that they maintained a constant elution temperature 
and varied the strength of the eluting solvent. This was similar to the work of Guillet et al. 
[151] on polyethylene. With the development of size exclusion chromatography as an 
excellent method for determining molar mass distributions, fractionation according to 
crystallisability became the new area of interest.  
Fractionation of a semi-crystalline polymer sample by TREF is based on separation 
according to crystallisability [152-156]. In other words the actual molecular structure and 
composition directly affects the ability of the chains to crystallise [154]. The longest 
crystallisable isotactic sequence in the polymer will therefore determine at what temperature 
the particular chain will crystallise. The development of the TREF experimental setup 
occurred for very practical reasons. It is far easier to dissolve polymer off a support than it is 
to collect fractions which crystallise at successively lower temperatures. The general TREF 
technique can be divided into two main steps, namely a crystallisation step and an elution 
step.  
During the crystallisation step, the semi-crystalline polymer that is being analysed is 
first dissolved at high temperature, and then allowed to cool slowly under the control of a 
programmed temperature profile. According to Wild [152] the maximum cooling rate that 
should be used for achieving a good separation is 2 °C/hour. Various media have been utilised 
for the crystallisation step of TREF with the most common being a temperature controlled oil 
bath [157, 158]. Alternatives do exist such as the oven from a gel permeation chromatography 
(GPC) setup [159], although in this case heat transfer is not as good. One advantage of an 
oven is the decreased cycle rotation time due to the fact that the oven can be cooled far 
quicker than an oil bath, in preparation for the next fractionation [152]. Problems associated 
with temperature gradients in the column as well as poor heat transfer have been noted by 
Wild [152]. A single medium can be used for both the crystallisation and elution steps as in 
 33
Stellenbosch University http://scholar.sun.ac.za
the setup of Bergstrom and Avela [160] and Nakano and Goto [161]. It is often the case that 
two separate media are used [157, 158], enabling the simultaneous crystallisation of a number 
of samples, since this is the time-limiting step of TREF [152]. The experimental setups 
utilising a separate crystallisation and elution step usually consist of an oil bath for the 
crystallisation step followed by either another oil bath or an oven for the elution step.  
The importance of the crystallisation step was not fully recognised at first, although it 
gradually gained importance as it was eventually recognised as the critical step necessary to 
obtain good reproducible separations [156]. The cooling step can either be done in the 
presence of a support [157, 159, 162, 163], or simply in solution [158, 164, 165], which is 
then later slurried with a support before the elution step. The addition of 0.1% of an 
antioxidant is advised in order to prevent polymer degradation [166].  
During the elution step the polymer is dissolved off the support at successively higher 
temperatures. Columns thus became an integral part of the experimental setup as they 
provided a simple medium in which to perform the fractionation. Initially constructed from 
glass [167, 168] and later from stainless steel [169, 170], the columns developed were of 
many different sizes. There are a few good reviews in the literature that cover all aspects of 
TREF [152, 153, 155, 156, 166, 171].  
As the experimental techniques were improved and refined a distinction could be 
drawn between the technique involving an on-line detector for continuous signal detection 
(analytical TREF), and the technique involving the collection of much larger fractions for 
subsequent offline analysis (preparative TREF). 
Analytical TREF is a relatively recent development in the experimental setup of 
TREF, with workers such as Usami, Gotoh, and Takayama [159] being among the first to 
describe their systems in detail. Analytical TREF involves the same slow, controlled 
crystallisation step as in the preparative version of the fractionation, but instead of collecting 
the fractions for offline analysis the eluent is sent to an RI/IR detector which constantly 
monitors the polymer being eluted. Recently the trend has been to use an IR detector set at 
3.41 μm (C-H stretch), as this presents less of a problem when compared to an RI detector, 
with respect to with baseline noise [154, 156], due to the relative insensitivity of IR to 
temperature fluctuations [152, 153]. 
Preparative TREF on the other hand involves a step-wise elution, isolating fractions 
from the eluent which are then sent for further offline analysis by 13C NMR, DSC, wide-angle 
x-ray diffraction (WAXD), GPC, and CRYSTAF to name but a few. This allows a complete 
molecular picture to be drawn up regarding the polymer under investigation. 
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2.4.1.2 CRYSTAF 
 
CRYSTAF, an analogous technique to TREF was developed by Monrabal [172], 
enabling similar results to be obtained in a far shorter time [166, 173, 174]. The CRYSTAF 
technique also fractionates a semi-crystalline material on the basis of crystallisability [166], 
and provides a detailed picture of the chemical composition distribution of the polymer being 
analysed. The main difference between the TREF and CRYSTAF techniques is that while 
CRYSTAF separates material based on the ability of the chains to crystallise out of solution, 
the variation of TREF which utilise a support, involves crystallisation out of solution onto a 
support and must therefore be treated differently. This is especially important when 
examining polymers which crystallise in different ways such as the homogeneous 
crystallisation of polyethylene compared to the heterogeneous crystallisation of 
polypropylene. 
The analytical CRYSTAF technique uses a discontinuous sampling process and is 
automated for ease of use [166], allowing the simultaneous analysis of five samples [153]. 
The analysis is carried out in stirred stainless-steel reaction vessels without support [153]. The 
polymer is dissolved in an appropriate solvent (suitable for use with an IR detector) such as 
1,2,4,-trichlorobenzene (TCB) and is allowed to cool under the control of a temperature 
program [172, 173]. The choice of solvent will not affect the separation mechanism but will 
influence the crystallisation temperature depending on the solvent power [166]. The addition 
of 0.1% of an antioxidant is recommended in order to prevent polymer degradation [166].  
The concentration of the polymer in solution is monitored by an IR detector [166]. The first 
data points above the crystallisation temperature of the polymer represent the initial (100%) 
concentration [166]. As the solution cools the chains are able to crystallise out of solution 
thereby lowering the concentration of the solution. The precipitate is ignored while the 
concentration of the solution is measured by taking aliquots of the solution through a filter 
and analysing them with the IR detector [166, 174-176]. Those chains that can crystallise the 
easiest (those with least branching, highest tacticity, lowest comonomer content etc.) will 
precipitate out of solution first [173]. As the temperature drops more and more of the polymer 
can crystallise out of solution.  
Due to the freezing point of the solvent used, there is usually a lower limit for the 
temperature to which the instrument can be used [177]. This means that there is usually a 
certain amount of material which remains in solution [166]. This is represented on the 
CRYSTAF graph by a rectangle of constant base and varying height, the area of which 
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represents the amount of material remaining in solution [166]. The first derivative of the 
CRYSTAF graph gives a graph equivalent to that obtained with A-TREF [153]. A calibration 
curve converting the CRYSTAF data into the number of branches per 1000 carbon atoms is 
necessary before CRYSTAF samples run with different solvents can be compared [177]. This 
technique has become a standard means of analysis in many laboratories all over the world, 
with its ease of use and fast analysis time relative to A-TREF being a key factor in its success. 
A preparative CRYSTAF unit has been reported, which is capable of fractionating up 
to 2 g of polymer into eight fractions [153]. The instrument has two stainless-steel 
crystallisation vessels connected to eight glass vessels [178]. The preparative CRYSTAF unit 
can also be operated as a solvent/non-solvent unit, allowing the fractionation of polymers by 
molar mass [153, 179]. 
 
2.4.1.3 CEF 
 
A recent development in terms of the fractionation of semi-crystalline polymers has 
been made by Monrabal et al. [180]. They have designed and made an instrument which 
separates polymer according to their chemical composition distribution which work by 
pumping solvent over the polymer during the crystallisation process. The flow rates are 
extremely low during the crystallisation process and the must be adapted to the cooling rates, 
crystallisation rate of the sample and the column volume in order to ensure maximum 
separation within the column length. This technique looks to become a standard measurement 
technique in the years to come.  
 
2.4.1.4 TFA/SCALLS 
 
Another relatively new fractionation technique for semi-crystalline polymer is the 
fractionation technique, which involves analysis of the turbidity of a polymer solution, 
developed by Shan et al. [181]. The technique involves the observation of the scattering of 
laser light after it passes through a polymer solution. The temperature of the polymer solution 
is controlled via a heating block which is subjected to a temperature ramp. The polymer 
crystallises out of solution upon controlled cooling from high temperature and as this takes 
place the turbidity of the solution increases. Van Reenen et al. [182] have developed a similar 
instrument which they used to investigate a series of polyolefin copolymers. A molar mass 
dependence on the separation of the polymer chains was also observed for metallocene 
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polypropylene samples. Their developmental work resulted in the re-branding of their 
instrumental technique from turbidity fractionation analysis (TFA) to solution crystallisation 
analysis by laser light scattering (SCALLS) [182]. The fast analysis times this technique 
provides are a major positive factor when compared to other techniques such as TREF and 
CRYSTAF. 
 
2.4.2 Fractionation by molar mass 
 
2.4.2.1 SEC 
 
The best known analytical technique, size exclusion chromatography (SEC), is the 
most used method for fractionating a polymer based on molar mass. Strictly speaking 
however, the SEC process fractionates polymers according to their hydrodynamic volume 
[125, 183, 184]. SEC is the general name for this type of separation of molecules and can be 
subdivided into gel permeation chromatography (GPC) and gel filtration chromatography 
(GFC). GPC is the separation of synthetic macromolecules using porous gels or rigid 
inorganic packing particles, while GFC is a similar process for the separation of biological 
macromolecules [183].   
The sample solution is introduced into the column of the instrument and is carried 
through the column by means of a suitable solvent [183]. The separation in the column occurs 
due to the fact that the smaller chains are able to penetrate deeper into the porous packing 
material than the larger chains [46], resulting in the larger chains having the shortest retention 
time, with the retention time increasing as the chain size decreases [184]. It is often necessary 
to run these experiments at high temperature, depending on the solubility of the sample in 
question in the solvent [183].  
The gel-permeation chromatogram is converted to a molar mass distribution via a 
calibration curve. Polymer standards of known molar mass and narrow molar mass 
distribution are generally used, with polystyrene standards being the most widely used [183]. 
The polystyrene calibration is applied to other polymers by means of the universal calibration 
procedure, calibrating the calibration of many random coil polymers with the product of 
intrinsic viscosity and molar mass [184]. 
 
 37
Stellenbosch University http://scholar.sun.ac.za
2.4.2.2 Solvent/non-solvent techniques 
 
Solvent/non-solvent techniques are usually used for the preparative fractionation by 
molar mass. The fractionation in this case is molar mass dependent rather than tacticity 
dependent [185]. Preparative CRYSTAF apparatus can also be used for solvent/non-solvent 
fractionation [153, 179]. Vilaplana et al. [179] used xylene as the solvent and diethylene-
glycol-monobutylether (DGMBE) as the non-solvent for an LDPE sample fractionation using 
the CRYSTAF apparatus. Baijal et al. [186] used TCB as the solvent and dimethyl phthalate 
(DMP) as the non-solvent for their fractionation of polypropylene. 
 
2.4.3 Fractionation by chemical composition distribution 
 
The complexity of a variety of modern polymer compositions has necessitated new 
developments in terms of fractionation of the constituent parts. Polymer blends, copolymers, 
and even terpolymers, are commonplace, however, they are rather complex polymer systems. 
New techniques such as the recently developed high temperature gradient HPLC have enabled 
the separation of these chains with such varied chemical composition distributions for the fist 
time. Heinz and Pasch [187] have reported the separation of blends of polypropylene and 
polyethylene using a mobile phase of ethylene glycol monobutylether (EGMBE) and 1,2,4-
trichlorobenzene with silica gel as the stationary phase.  
 
2.5 Mechanical properties 
 
There are a vast number of grades of polypropylene available commercially, each one 
designed and modified to suit a certain type of application. A detailed discussion of all the 
different types of grades is beyond the scope of this thesis, however, important relationships 
between the structure of the polymers and the final properties will be discussed. The main 
types of polypropylenes which are commercially available are the homopolymer, random 
copolymers, impact or heterophasic copolymers, and filled grades. There are also speciality 
nucleated grades available with improved optical and mechanical properties. The discussions 
that follow will focus mostly on the homopolymers where possible. 
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2.5.1 General structure-property relationships 
 
Some of the more important properties of polypropylene products are the modulus, 
impact strength, hardness, tensile strength, and maximum use temperature. In order to 
determine the usefulness of a certain polymer grade these properties must be known. 
Designing reactor grades that can be used for certain products therefore requires knowledge of 
the effect of different polymerisation conditions on the physical properties of the polymer. 
This in turn requires knowledge of the effect of the reaction conditions on the microstructure 
of the polymer formed since it is the microstructure which determines the physical properties.  
Generally the modulus values of random and impact copolymers are lower than that of the 
homopolymer while the opposite holds true for the impact strength [130].  
 The homopolymer is used for applications requiring high stiffness and high thermal 
resistance. The properties of the homopolymer are dependent on the tacticity of the polymer 
as well as the molar mass and molar mass distribution. These structural characteristics mostly 
affect the properties by affecting the ability of the material to crystallise. Paukkeri and 
Lehtinen [188] found that the tacticity of the polymer chains had the greatest influence on the 
ability of the chains to crystallise while the molar mass had only a small influence once the 
molar mass exceeded approximately 22 000 g/mol. Increasing the tacticity of the polymer 
generally results in an increase in the stiffness and hardness while the impact strength usually 
decreases. This is linked to the crystallinity of the sample. Properties which improve with an 
increase in crystallinity are the stiffness, hardness, and end use temperature while the impact 
properties generally decrease with increasing crystallinity of the material. Lower molar 
masses and broader molar mass distributions also improver the ability of the chains to 
crystallise and thus improve the stiffness and hardness. Higher molar masses also result in a 
greater degree of orientation in the chains during processing and this factor must also be taken 
into account when examining data. Polymers with broader molar mass distributions can also 
show this effect.  
The molar mass distribution can be artificially narrowed by degrading the polymer 
with peroxides, thereby controlling the properties with the amount and type of peroxide added 
[189]. Crystallinity can also be affected by the addition of nucleating agents which can 
promote the formation of highly crystalline material characterised by smaller, higher melting 
spherulites [190, 191]. Specific nucleating agents can also promote the formation of different 
crystalline phases of polypropylene which also affects the properties [192, 193]. The 
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introduction of a comonomer used in the random copolymers is another way in which the 
properties can be varied via the incorporation of a comonomer unit which acts as a 
discontinuity in the polymer chains preventing them from attaining the levels of crystallinity 
obtained with the homopolymers.  
 
2.5.2 Microhardness 
 
2.5.2.1 General background and theory 
 
The microhardness technique has been around for a number of years and has proved to 
be an extremely useful and sensitive technique to probe small differences in materials not 
detectable by other large-scale tests. The microhardness technique involves the static 
penetration of a material with an indenter using a known force. The microhardness of a 
material is determined by dividing the load used by the residual deformation area on the 
surface of the material. It is essentially a measure of the irreversible deformation processes 
characterising the material. There are two main zones of deformation in the material below 
the indenter. These are the plastic deformation zone and the larger elastic penetration zone 
[194]. Both zones serve to support the stress imposed on the material by the force of the 
indenter. The plastic deformation zone involves such processes as phase transformations at 
low strains, chain tilt and slip within crystals, and also crack formation and chain unfolding at 
larger strains while the elastic deformation zone mainly involves the elastic yielding of the 
amorphous component of the material. 
There are two main types of indenter used for microhardness measurements, namely 
the Vickers indenter and the Knoop indenter. The Vickers indenter consists of a square based 
pyramid of approximately 100 μm in height. The included angles between the opposite faces 
of the pyramid are α = 136°, corresponding to the tangential angle of an ‘ideal’ ball 
impression. The hardness value is determined according to equation (18): 
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P is the applied force in Newton. The Knoop indenter on the other hand utilises a rhombic 
based pyramidal diamond with angle edges of 172° and 130°. The microhardness is also given 
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according to the applied force divided by the residual area of impression according to 
equation (19): 
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Due to the two-fold symmetry of the indentation the Knoop indenter is more sensitive to 
material anisotropy than the Vickers indenter, however, the Vickers indenter can still detect 
anisotropy in a material [195, 196].  
 Sample preparation is a critical part of the microhardness technique. One must ensure 
that the sample has a smooth, flat surface which is aligned perpendicularly to the indenter. 
There are also a number of factors regarding sample preparation which affect the 
microhardness value obtained such as the sample melt pressing method and also sample 
cooling method post-pressing.  
Balta´-Calleja [194] has investigated the effect of analysis temperature on the 
microhardness and discovered that the microhardness generally decreases with an increase in 
temperature due to the increase in the thermal expansion in the crystalline regions decreasing 
the resistance to plastic deformation via a decrease in cohesion energy of the crystals. 
Annealing of the sample generally results in an increase in the microhardness as the lamellae 
thicken and improve in perfection [197, 198]. Cooling rates during sample preparation also 
play an important role with an increase in cooling rate correlating to lower hardness values 
[199]. The mechanical properties such as the yield stress and elastic modulus have also been 
investigated [200] showing that an increase in the microhardness correlates well to an increase 
in yield stress and elastic modulus. 
  
2.5.2.2 Deformation mechanisms 
 
There are a number of deformation mechanism by which a material such as 
polypropylene can dissipate energy. These mechanisms absorb the energy placed on the 
sample via the stresses exerted upon it by the indenter. The smallest mechanisms for 
deformation involve phase transformation within the lamellae and elastic bending of crystals 
although these mechanisms occur at very small strains. Slightly larger strains can bring about 
interlamellar slip involving shearing and deformation of the amorphous layers and partial 
destruction of some crystalline blocks.  At large strains lamellar fracture can occur. Generally 
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the networks of tie molecules and entanglements contribute significantly to the strength of the 
material [194]. It is also possible that during an indentation there is also melting of crystals 
taking place with subsequent rearrangement and recrystallisation which also assists in 
absorbing energy.  
 
2.5.2.3 The effect of microstructure on microhardness 
 
Microhardness has been used to investigate a number of different aspects of 
polypropylene such as the differences in the microhardness of the crystal phases [195, 198], 
which showed that the α-phase crystals are slightly harder than the β-phase crystals. These 
results are supported by the nanoindentation results of Labour et al. [201].  
Koch et al. [197] have investigated the effect of the molar mass on the microhardness 
in both quenched and annealed samples of isotactic polypropylene and have shown that there 
is a decrease in microhardness with increasing molar mass – especially for higher molar 
masses. Flores et al. [202] have also shown a slight molar mass effect on the microhardness 
mainly due to the effect of the molar mass on the crystallinity of the samples. In general, 
microstructures which promote the formation of thicker crystals and a higher overall degree of 
crystallinity in the samples result in an increase in the microhardness values. 
 
2.5.3 DMA 
 
2.5.3.1 General background and theory 
 
Dynamic mechanical analysis is a well established technique for the analysis of the 
mechanical properties of a material. The technique can be defined as the application of an 
oscillating force to a sample and analysis of the materials response to the force [203]. There is 
a variety of information which one can obtain from DMA measurements and the experiments 
can be tailored to provide a wealth of data. One can determine the tendency of a material to 
flow (its viscosity) from the phase lag of the material response to the applied force which is 
often referred to as the damping ability of the material or rather the ability of the material to 
lose energy as heat. The stiffness of the material can also be determined via the sample 
recovery and is a good measure of the ability of the materials ability to recover from 
deformation.  
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During the analysis a stress (σ) is applied to the sample which then undergoes a strain 
(γ) as a result of the applied stress. The slope of the stress-strain curve gives us the modulus of 
the sample. One advantage of DMA over a standard tensile test to determine the modulus is 
that a modulus value can be obtained for every oscillation applied to the sample. It is therefore 
possible to obtain modulus values every second. A temperature ramp can also be applied to 
the sample which allows the determination of the mechanical properties as a function of 
temperature. There are, however, differences between the Young’s modulus obtain from a 
classical stress-strain experiment and that obtained from DMA. The modulus obtained from 
DMA consists out of a complex modulus (E*), elastic (storage) modulus (E′) and imaginary 
(loss) modulus (E′′). These enable us to determine the ability of the material to dissipate 
energy and also the ability to store energy. The ratio of these two effects is called the damping 
ability of the material (tan δ).  
Determining these properties for each point on a temperature ramp means that the 
transitions which take place upon heating the sample can also be determined due to the fact 
that generally at these transitions there will be a change in the properties of the material. 
DMA has therefore proven to be an extremely sensitive tool for the determination of the Tg of 
a material, as well as even smaller transitions such as side chain or pendant group motions, 
bending and stretching motions and even local crankshaft rotations of polymer chains. At the 
higher temperatures chain slip and recrystallisation can both be determined. The area under 
the tan δ curve is a measure of the ability of the material to damp vibrations via localised 
chain motions and thus a large area under the curve means the sample has good impact 
properties compared to a sample with a much smaller area under the curve.  
There are a number of different experiments which one can perform using DMA such 
as creep-recovery testing, stress relaxation experiments, curing of materials, extensional 
measurements, torsional measurements, 3-point bending tests, and frequency scans to name 
but a few, however, the majority of these are beyond the scope of this thesis. The functions of 
the DMA utilised in this study involve the standard temperature scan with a superimposed 
oscillation as well as the use of the instruments control ability to analyse the extensional 
stress-strain data for various samples. 
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2.5.3.2 The effect of microstructure on the polymer properties 
 
Studies [201] have shown that the differences in crystal phase of polypropylene also 
show up in DMA analysis with the crystals of the β-phase showing improved mobility over 
those of the α-phase. The molar mass of the sample has been shown to influence the Tg of the 
sample with higher molar masses increasing the temperature of the Tg transition [204]. The 
inclusion of comonomers reduces the degree of crystallinity and lamellar thickness of a 
sample resulting in improved impact strength compared to the homopolymer [205] as a result 
of improved mobility of chains in the amorphous component. The elastic modulus has also 
been shown to be dependant on the amount of the crystalline phase and the crystal thickness. 
Stern et al. [206] showed that increasing the molar mass decreased the crystallinity of the 
samples and increased the lamellar thickness. They also showed that the chain mobility 
depended on the molar mass and the lamellar thickness and that essentially the β-transition 
increased with molar mass.  
Recent studies on metallocene isotactic polypropylene samples [207-209] have 
highlighted the effect of tacticity on the mechanical properties of polypropylene. 
Stereoirregularities in the polypropylene chains are shown to influence the crystal phase of the 
polymer. A linear relationship was found between the amount of the γ-form of the crystals and 
the average isotactic sequence length. This in turn influenced the stress-strain profiles of the 
samples.  
 
2.6 Concluding remarks and methodology 
 
The complex nature of the polymers produced by the Ziegler-Natta catalysts 
necessitates thorough fractionation and analysis in order to evaluate the effects of different 
polymerisation conditions on the polymer microstructure.  In order to analyse the effect of 
certain types of polymer chains on the properties of the whole polymer it is necessary to 
investigate the differences in the properties brought about by the presence or absence of the 
specific parts of the polymer in question. Should specific parts of the polymer be required for 
certain properties, then by default the active sites producing the types of chains which make 
up that part of the polymer are required for those properties.  
Physically removing certain parts of the polymer (via fraction removal and 
recombination using preparative TREF) would therefore give an indication of the role that the 
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fraction in question plays in the overall polymer properties. Properties could then be altered 
by varying the polymerisation conditions with a view to changing the material produced by 
specific active sites, thus altering the polymer properties in the reactor.  
A propylene copolymer would provide a good means to investigate the differences in 
properties of polymers with selected fractions removed since the presence of the comonomer 
in the fractions would bring about larger changes in the materials properties once the fractions 
are removed. Experiments could then be carried out using the homopolymer with greater 
confidence in the knowledge that differences in the samples are real. Finally reaction 
conditions could be varied for a series of polymerisations in order to produce polymers with 
different properties directly from the reactor. 
Mechanical analysis of the fractionated and recombined materials as well as the 
polymers synthesised will be carried out via microhardness and DMA techniques. This will 
enable the investigation of the hardness and impact properties on a small scale which is 
necessary due to the small amounts of material available for testing. 
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Chapter 3. General experimental details 
 
During the course of the project various materials and analytical methods were used. 
The following chapter gives the detail on where the materials were sourced from as well as 
the methods and settings used during the preparation and analysis of materials. 
 
3.1 Polymerisation materials and equipment 
 
The catalyst used for all the polymerisations conducted during the course of the 
project was obtained from Star Chemicals Co. (China) and is designated as catalyst NT-1. The 
catalyst contains di-isobutyl phthalate as an internal donor, has a titanium content of 2.78% 
and magnesium content of 16.9% and was used as received. Triethylaluminium was obtained 
from Sigma-Aldrich as a 1.0 M solution in hexane and was used as received. Toluene was 
obtained from Merck and was distilled over sodium/benzophenone according to standard 
procedures before use. Diphenyl dimethoxy silane and methyl phenyl dimethoxy silane were 
obtained from Sigma-Aldrich and were used as received. Propylene monomer was obtained 
from Sigma-Aldrich at a purity > 99% and was used as received. High purity Argon obtained 
from Afrox was used for all air-sensitive materials in both the glove box and schlenk lines. 
All catalyst preparation work and subsequent manipulations were performed using standard 
glove box and schlenk line techniques. 
Polymerisations were carried out in a 300 mL stainless steel reactor equipped with 
inlets for catalyst and monomer gas introduction and a pressure gauge. Reactor temperature 
was controlled by placing the reactor in an oil bath set at a designated temperature. Details 
regarding the polymerisation are discussed further in the relevant chapters. 
 
3.2 Fractionation techniques 
 
3.2.1 TREF 
 
Preparative temperature rising elution fractionation was performed on various samples 
during the course of the project. The TREF method is based on two separate steps namely the 
crystallisation step and the elution step. The instrumentation used was built in-house [1]. 
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3.2.1.1 The crystallisation step 
 
The crystallisation step of the TREF analysis is illustrated in Figure 3.1.  
 
 
Figure 3.1 The setup used for the TREF crystallisation step. 
 
The propylene homo- or copolymer (3 g) and Irganox 1010 stabiliser (2% w/v) were 
dissolved in xylene (300 mL) at 130 °C in a stirred glass reactor which was placed in an oil 
bath and equipped with a reflux condenser. The reactor containing the dissolved polymer and 
stabiliser was then transferred to a larger oil bath which had been preheated to 130 °C. This 
larger oil bath, which was used for the crystallisation step, was large enough to accommodate 
four reactors so that they could all cool down simultaneously in order to save time. The inert 
support (washed sand white quartz -50 + 70 mesh) was also preheated to 130 °C before 
introduction into the reactor in order to prevent premature crystallisation onto cold sand and 
general lowering of the temperature in the reaction vessel. The hot sea sand was then added to 
the reactor in sufficient amounts as to cover the solution in the reactor so as to avoid any 
solution crystallisation in the absence of support material. The reactors in the oil bath were 
then cooled at 1 °C/h from 130 °C to 20 °C. 
 
3.2.1.2 The elution step 
 
The elution step involves the transfer of the polymer and support to a stainless steel 
column 15 cm in length and an internal diameter of 7.5 cm. The column is equipped with a 
hole in the bottom for a temperature probe so that the temperature at the middle of the column 
can be monitored ensuring an accurate fractionation temperature. The column packing is 
illustrated in Figure 3.2. 
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Figure 3.2 Illustration of the column packing. 
  
The purpose of the glass wool and beads was to break up the solvent flow so as to prevent 
preferential solvent channelling. The column was then placed in a GC oven which served as 
the temperature controlled environment for the elution step. A pump controlled the flow of 
solvent through the column at a constant rate.  
 
 
Figure 3.3 The TREF elution setup. 
 
Heating tape, maintained at a constant temperature of 130 °C, was wound around the exit pipe 
as it emerged from the oven so as to prevent deposition of the fractions onto the cold pipe 
during collection of the fractions. The polymer fractions were then eluted from the column at 
successively higher temperatures. The column was heated to each predetermined temperature 
and was maintained at that temperature while the fraction was taken. Fractions were taken at 
various temperatures depending on the number of fractions that were required. The xylene 
which was used to elute the polymer was then removed on a rotary evaporator. Fractions 
isolated on the rotary evaporator were then dried in a vacuum oven until the weight of the 
fractions remained constant. 
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3.2.2 CRYSTAF 
 
Crystallization analysis fractionation was carried out using a CRYSTAF commercial 
apparatus model 200 manufactured by Polymer Char S.A. (Valencia, Spain). The 
crystallization was carried out in 60 mL stirred, stainless steel reactors. Dissolution and 
filtration took place automatically in the reactors. Exactly 10 mg of each sample was 
dissolved in 30 mL 1,2,4-trichlorobenzene. The temperature was decreased at a rate of 0.10 
°C/min from 100 °C to 30 °C. Fractions were taken automatically and the polymer 
concentration from solution was determined by an infrared detector, using 3.5 μm as the 
chosen wavelength. 
 
3.3 Characterisation techniques 
 
3.3.1 13C NMR 
 
13C NMR spectra were recorded at 120 °C on a Varian VXR 600 MHz spectrometer in 
1,1,2,2-tetrachloroethane-d2, using δ 74.3 as internal secondary reference. The pulse angle 
was 90 degrees, the relaxation delay was 15 seconds, and the acquisition time was 1.8 
seconds.  
The 1-pentene comonomer content (CM%) in the propylene copolymers used in a 
section of this study was calculated according to the following equation: 
 
    
( )
1002
1
% ×+++
+
=
−− PPPPBrBr
Br
CCCC
CC
CM
αα
α
   (1) 
 
Essentially the carbons of the backbone belonging to the comonomer were integrated and the 
sum divided by the sum of all backbone carbons as illustrated in Figure 3.4: 
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Figure 3.4 The structure of the propylene-1-pentene copolymer. 
 
Table 3.1 The designation of the carbon atoms in the structure of the propylene-1-pentene copolymer 
Carbon number in 
Figure 3.4 
Designation 
Observed chemical 
shift (ppm) 
1 CBr-PP 28.7 
2 Cα 43.8 
3 CBr 33.5 
4 Cα (1-pentene) 38.5 
5 Cβ (1-pentene) 20.0 
6 CH3 (1-pentene) 14.7 
7 Cα-PP 46.4 
8 CH3 (propylene) 21.8 
 
Precisely the same method was used for the determination of the comonomer content of all 
samples. The determination of the tacticity sequence distribution for the propylene-1-pentene 
copolymers was not possible due to the overlapping of the resonance of the Cβ (5 at δ = 20.0 
ppm) of the 1-pentene comonomer with the rrrm and the mrrm steric pentad resonances in the 
methyl region of the propylene copolymer. 
The pentad sequence distribution of the polypropylene homopolymer is assigned for 
the methyl region according to the nomenclature adopted by Busico et al. [2] and is given in 
Table 3.2. 
 
Table 3.2 The assignment of the pentad sequences in the methyl region of the PP homopolymer samples 
Chemical shift (ppm) 22.2-21.7 21.7-21.5 21.5-21.3 21.3-21.0 21.0-20.7 20.7-20.5 20.5-20.0 20.0-19.7
Pentad sequence mmmm  (%) mmmr  (%) rmmr (%) mmrr  (%) mmrm  + rrmr  (%) rmrm  (%) rrrm + rrrr (%) mrrm  (%)
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3.3.2 DSC 
 
3.3.2.1 Crystallisation and melting data 
 
Crystallisation and melting points were determined by DSC. Samples were run on a 
TA Instruments Q100 DSC system calibrated with indium metal according to standard 
procedures. Heating and cooling rates were maintained at a standard 10 °C/minute. The 
samples of the standard fractions and original polymers were first subjected to a heating ramp 
up to 220 °C, after which the temperature was kept isothermally at 220 °C for 5 minutes to 
remove thermal history. The cooling cycle followed the isothermal stage, with the subsequent 
second heating scan being recorded for analysis. The crystallinities of the samples were 
determined by comparing the enthalpy of fusion of the samples (ΔHf) to that of an ideal 100% 
crystalline polypropylene sample (ΔHfc) according to equation 2. 
 
100×Δ
Δ=
fc
f
c H
H
w      (2) 
 
A value of 209 J/g [3] was used as the enthalpy of fusion for the ideal 100% crystalline 
polypropylene.   
 
3.3.2.2 Lamellar thickness determination 
 
The lamellar thickness distribution and average lamellar thickness were determined 
from the DSC melting endotherms using the Thomson-Gibbs equation [4, 5] which is given as 
equation 3: 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
Δ−= f
e
mm Hl
TT σ210      (3) 
 
Where Tm is the melting temperature of the polymer, Tm0 is the equilibrium melting 
temperature (taken as 464 K), l is the lamellar thickness (longitudinal dimension of the 
crystal), ΔHf is the melting enthalpy of a perfect crystal (taken as 196 J/cm3), and σe is the 
free surface energy of the end faces of the chain fold (taken as 102.9 J/cm2). The lamellar 
thickness distribution can be expressed as equation 4:  
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The work of Crist and Mirabella [6] is noted for discussions on the distribution of lamellar 
thickness however for the purpose of this study the Thomson-Gibbs equation and breadth of 
the melting endotherm was used in order to compare samples. 
 
3.3.3 HT-GPC 
 
The molar mass of all samples were determined using high-temperature gel 
permeation chromatography (HT-GPC) relative to polystyrene standards. All samples were 
analysed on a PL-GPC 220 high temperature chromatograph (Polymer Laboratories) at a 
temperature of 160 °C and a flow rate of 1 mL/min. The column set used was four 
polystyrene/divinylbenzene copolymer packed columns (PL gel MIIXED-B [9003-53-6]) 
from Polymer Laboratories. A 50 mm guard column was also used. The total column length 
was 1200 mm and the diameter was 7.5 mm. The columns have a particle size of 10 μm. The 
sample concentration used for all samples was 0.75 mg/mL and the solvent used was 1,2,4-
trichlorobenzene, stabilized with 0.0125% 2,6-di-tert-butyl-4-methylphenol (BHT). BHT was 
used as a flow rate marker. Calibration of the instrument was done with monodisperse 
polystyrene standards (EasiCal from Polymer Laboratories). The detector used was a 
differential refractive index detector. 
 
3.4 Mechanical properties 
 
3.4.1 Extensional DMA 
 
Samples for extensional DMA were analysed on a Perkin Elmer DMA 7e operating in 
extension mode. The samples analysed were melt pressed at 200 °C into films 50 μm thick. 
Small tensile bars were then cut out of the films using a special cutter built for this purpose.  
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3.4.2 Compressive DMA 
 
Samples for compressive DMA analysis were examined on a Perkin Elmer DMA 7e 
calibrated according to standard procedures. The samples for compressive DMA were first 
melted at 200 °C for 8 minutes and then melt pressed at that temperature at 5 MPa pressure. 
The samples were analysed using a 5 °C/minute heating ramp with an applied force 
oscillating at a frequency of 1 Hz. The static force was kept constant at 110% of the dynamic 
force. The temperature range analysed was between -40 °C and 230 °C.  
 
3.4.3 Microhardness 
 
Microhardness measurements were conducted on a UHL microhardness tester 
equipped with a Vickers indenter. Measurements were obtained using 25 μm/s as the 
indentation speed and a dwell time of 15 s. Samples were analysed at indentation loads of 5 gf 
and 10 gf. The samples were first melted at 200 °C for 6 minutes before applying 3 MPa 
pressure for 3 minutes. The mould was then transferred to an ice bath for quench cooling. 20 
measurements were taken for each sample analysed. 
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Chapter 4. TREF fraction – property relationships 
 
4.1 Introduction 
 
Polypropylene has developed into one of the most widely used materials on the planet, 
aided by the diversity of applications available to the product. Research into the material has 
played an extremely important role in this development, with the correlation between the 
polymer microstructure and the properties of the polymer being of paramount importance.  
The properties of the polypropylene homopolymer are governed on a microstructural 
level by the molar mass, the molar mass distribution, and the degree of regio- and 
stereoregularity of the polymer chains. Polypropylene copolymers have the additional, often 
dominating, influence of the comonomer on the polymer properties. These factors in turn 
affect the packing of the chains which affects the crystal phase of the crystalline regions. The 
formation and order of the crystal lamellae thus depend on these factors. The crystallites can 
in turn affect the formation of the next structural level of the polypropylene, namely the 
spherulitic morphology, although other structures are also possible (such as the skin-core 
morphology, cylindrites, axialites, quadrites etc. [1]) depending on a number of factors such 
as polymer processing.  
The TREF technique has been, and is currently, extensively used to analyse semi-
crystalline polymers. The ability of the technique to separate polymer chains on the basis of 
their crystallisability is very useful for the analysis of these materials, where the usefulness of 
the material is often determined by the manner in which the chains crystallise. The preparative 
TREF technique in particular is extremely powerful as it allows the subsequent offline 
analysis of any number of fractions, as designated by the operator. It is therefore possible to 
perform an in-depth analysis of a material and discover exactly what type of polymer chains 
are present in the material which crystallises out of solution at varying temperatures.  
Since different properties are obtained from materials which crystallise differently due 
to the presence of different types of polymer chains, it follows that certain sections of a 
material therefore help to give that material its specific properties. It was therefore decided to 
investigate this by means of selectively removing TREF fractions from a material and 
observing the changes in properties. In order to investigate the methodology of selective 
fraction removal from the polymer we selected a propylene-1-pentene random copolymer as a 
target material, as we felt that the chemical heterogeneity of this group of polymers [2] would 
lead to easily observable changes in overall structure and properties upon removal of 
fractions. The methodology used was therefore to investigate the effect of the various TREF 
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fractions of a polypropylene-1-pentene copolymer on the polymer properties and then do the 
same for a polypropylene homopolymer. The data for the propylene-1-pentene copolymers 
serving as supporting evidence for the trends observed for the polypropylene homopolymer. 
The technique used, namely selective fraction removal, can therefore be seen as a “physical” 
method to alter the components of a given material. The “chemical” route to alter the makeup 
of a given polymer being the alteration of the polymerisation conditions, thereby altering the 
amount and type of the active sites present and thus forming polymers with different 
properties as discussed in Chapters 5 and 6. 
 
4.2 Experimental 
 
The general experimental procedures and methods used for the analytical techniques 
were discussed in Chapter 3. There are also various graphs contained in this work that use a 
dotted line to connect data points. These lines are in no way implying a continuous 
distribution of data for isolated data points and are simply meant to be a guide to the eye. 
 
4.2.1 Polymer materials 
 
Development work on the fractionation of the materials with subsequent removal of 
fractions was carried out using both a Ziegler-Natta catalysed polypropylene homopolymer 
(Moplen - Himont, Italy) and a Ziegler-Natta catalysed polypropylene-1-pentene copolymer 
(Sasol, South Africa).  
 
Table 4.1 The data summary for the polypropylene homopolymer (PPH) and copolymer (PP1P) 
Sample code Mn (g/mol) Mw (g/mol) PD Tm (°C) Tc (°C) Crystallinity (%) 1-pentene content (%) mmmm  (%)
PPH 1.3E+05 6.9E+05 5.20 158.58 112.28 84.11 N/A 90.49
PP1P 1.5E+05 6.2E+05 4.18 139.74 97.85 63.88 2.35 nda
a = not determined (see Section 3.3.1) 
 
The processing history of the samples is not known and so it is not clear if the samples were 
vis-broken or not although for the purposes of this study this information is not required. 
 
4.2.2 Fractionation and recombination 
 
The general TREF procedure is described in Chapter 3 (Section 3.2.1). The normal 
TREF characterisation of the two polymers used in the study was conducted according to 
standard TREF procedures. The samples requiring the removal of a specific TREF fraction 
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were also subjected to the standard TREF procedures, the main difference being that once the 
designated fraction had been removed the remaining material was first combined in solution 
before removal of the solvent on a rotary evaporator. The specific fractions were removed 
from the bulk material for each experiment, with the removal of each specific fraction 
requiring a separate TREF fractionation of the bulk material. 
 
4.2.3 Polymer characterisation 
 
The 13C NMR, DSC, and HT-GPC data of the samples were obtained according to 
procedures described in Chapter 3 (Sections 3.3.1-3.3.3). 
 
4.2.4 Mechanical properties 
 
The extensional and standard compression DMA data of the samples were obtained 
according to procedures described in Chapter 3 (Sections 3.4.1 and 3.4.2). 
 
4.3 Results and discussion 
 
4.3.1 PP-1-pentene 
 
As can be seen from Table 4.1 the polypropylene-1-pentene sample is of a reasonably 
high molar mass with a relatively low polydispersity. The comonomer incorporation is 
relatively low at only 2.35% although the impact on the melting and crystallisation 
temperatures and degree of crystallinity compared to the homopolymer is readily apparent, 
with the peak melting temperature decreasing by almost 20 °C. The preparative TREF 
fractionation data is presented in the next section. 
 
4.3.1.1 PP-1-pentene characterisation 
 
The TREF data given in Figure 4.1 illustrate the contribution of each fraction to the 
composition of the polymer.  
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Figure 4.1 The TREF fractionation data for sample PP1P. 
 
The fractions are shown as the weight percentage of polymer material eluted at a certain 
temperature divided by the temperature range of that particular elution step thus enabling the 
direct comparison of the relative importance of each fraction. The fraction eluting at 95 °C 
clearly comprises the major fraction of material although the fractions at 100 °C and 90 °C 
also contribute significantly. This is in agreement with the major elution temperatures of 
earlier work on propylene-ethylene copolymers [3] where small amounts of a comonomer 
inhibits the ability of the chains to crystallise, thus lowering the temperature at which they 
crystallise out of solution as compared to the polypropylene homopolymer.  
Figure 4.2 gives the weight average molar mass averages and polydispersity values for 
each TREF fraction. The molar mass tends to increase until the 100 °C fraction followed by a 
slight decrease in molar mass for the last two fractions. It is believed some lower molar mass 
material is trapped between the support and those chains that crystallise out of solution first at 
high temperature. This has also been shown to be the case for polypropylene impact 
copolymers where part of the high ethylene content copolymer or rubbery material has been 
found in the highest TREF fractions [4]. This material would not normally crystallise out at 
these temperatures and so some form of entrapment must be responsible. Degradation of 
material in the column at high temperature is also a possible reason for the presence of the 
lower molar mass material in the final two fractions. 
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The polydispersity of the fractions on the other hand tends to decrease as the elution 
temperature increases, a notable exception being the 105 °C fraction which seems to buck this 
trend. The values are all relatively low as one would expect from TREF fractions where small 
sections of a polymer are isolated. 
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Figure 4.2 The weight average molar mass and polydispersity data for the TREF fractions of sample 
PP1P. 
 
The 1-pentene content of each fraction is given in Figure 4.3. There is a definite 
decrease in 1-pentene content as the fractionation temperature increases as would be expected. 
This is consistent with Flory’s approximation on the effect of a comonomer on the melting 
point of a copolymer [5, 6]. The comonomer essentially disrupts the crystallisation of the 
chains, preventing them from crystallising as perfectly as they would have otherwise done. 
Unfortunately there was insufficient material eluted in the final fraction for 13C NMR 
analysis. It should be noted that despite the low amounts of the 1-pentene present in the 
higher temperature fractions there are quantifiable amounts present indicating that the random 
inclusion of the comonomer occurs even in chains which can crystallise out of solution at 
high temperature. This does not means per se that the 1-pentene is situated in the crystalline 
regions as it is more than likely mostly excluded from the crystals and is situated in the inter-
crystalline regions. 
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Figure 4.3 The comonomer content of selected TREF fractions of sample PP1P. 
 
The DSC data for the TREF fractions shown in Figure 4.4 show an increase in the 
melting temperature of the fractions as the fractionation temperature is increased as would be 
expected. The peak melting temperatures of the last two fractions are slightly lower than that 
of the preceding fraction despite the fact that this material crystallises first out of solution. 
This demonstrates that there is material present in these fractions (of a slightly lower molar 
mass as mentioned earlier) which is disrupting the crystallisation of the chains of that 
particular fraction, hence the slightly lowered melting points. This supports the hypothesis 
that there are lower molar mass chains being trapped during the initial crystallisation process. 
It is also noted, however, that there is evidence that the higher the molar mass of the chains in 
the solid state, the lower the rate of crystallisation, and the higher the tacticity (or the lower 
the comonomer content), the faster the rate of crystallisation [7]. These effects could also play 
a role in solution and therefore the slightly lower molar mass and low comonomer content 
could also result in fast crystallisation rates for the chains in the highest temperature fractions. 
This could in turn influence the melting of the chains since the faster crystallisation rates 
could lead to the formation of thinner lamellae. 
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Figure 4.4 The DSC heating curves for all TREF fractions of sample PP1P. 
The crystallinities of the TREF fractions (Figure 4.5) also show the same trends as the 
melting temperatures and molar mass, namely an increase in crystallinity with TREF 
fractionation temperature.  
 
0
10
20
30
40
50
60
70
80
0 20 40 60 80 100 120 140 160
Te (°C)
C
ry
st
al
lin
ity
 (%
)
 
Figure 4.5 The degree of crystallinity of each of the TREF fractions of sample PP1P. 
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This is what one would expect to find since the higher the TREF fractionation temperature the 
more easily the chains can crystallise from solution as a result of a higher level of order in the 
chains leading to more perfect crystallites. With regards to the final two fractions which 
exhibit a slightly lower crystallinity than the 100 °C fraction, one can clearly see the effect of 
the slightly lower molar mass material on the ability of the chains to crystallise. As to whether 
the average type of chain in this fraction simply cannot crystallise to the same extent and to 
the same degree of order as the chains in the 100 °C fraction or whether there are simply a 
few chains present in the final two fractions which are limiting the crystallisability of the 
other chains one could not say for certain. The amount of material recovered in these two 
fractions is quite low, allowing for little analysis of any sort, and their relative influence on 
the properties of the whole can also be safely assumed to be small.  
 
4.3.1.2 Fraction removal 
 
Figure 4.6 gives the information regarding the removal of specific TREF fractions 
from the PP1P sample and compares the amount of material removed to the amount 
remaining for the different samples. The individual samples in this section will be referred to 
by the fraction that has been removed from the material. 
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Figure 4.6 The fraction removal data for the PP1P sample. 
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One can see that the amount of material removed mirrors the TREF characterisation run with 
the amount being removed increasing for each fraction until the 91 – 95 °C fraction, thereafter 
decreasing to the 140 °C fraction. The molar mass data are given in Figure 4.7 and it is 
evident that removing specific fractions has a large effect on the composition of the polymers. 
Generally the trend for the molar mass data mirrors that of the individual fractions. As the 
TREF fractionation temperature of the fraction removed increases, there is a drop in the 
weight average molar mass of the sample. This is consistent with the removal of material 
from the sample of increasingly higher molar mass as illustrated by the blue data points in 
Figure 4.8. Removing the fractions eluting at the highest temperatures on the other hand 
results in a polymer which has a slightly higher molar mass. There is a molar mass decrease 
for the fractions eluting at the highest temperatures and so this trend is not entirely 
unexpected. An obvious exception to the general trend is that the sample with the 71 - 80 °C 
fraction removed has a much higher molar mass than would be expected. This is possibly due 
to the fact that the amount of material being removed from this sample is less than the amount 
of material being removed by the removing the preceding and following fractions. This means 
that despite the material being removed having a higher molar mass than that of the preceding 
sample, the amount of material removed is less thus leaving a sample of higher molar mass. 
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Figure 4.7 The weight average molar mass of the PP1P samples with specific fractions removed from the 
sample (shown in red), and the molar mass of the fraction removed (shown in blue). 
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The polydispersity data in Figure 4.8 show that in general there is an increase in the 
polydispersity of the material remaining for each fraction removed until the 91 - 95 °C 
fraction. The polydispersity then decreases to a nearly constant value for the remaining three 
samples. The polydispersity data of the fraction removed given for comparison shows a 
general decrease for all fractions barring the 101 - 105 °C fraction where a slight increase is 
observed. It can be said that the narrower the distribution of molar mass of the sample 
removed the broader the distribution of the sample remaining for the first few TREF fractions 
removed. Removing the fractions eluting at the highest temperatures does not seem to 
influence the polydispersity of the remaining material. It is also noted that removing the 81 -
90 °C fraction results in a narrower distribution of molar mass than would be expected. 
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Figure 4.8 The polydispersity of the PP1P samples with specific TREF fractions removed from the sample 
(shown in red), and the polydispersity of the fractions removed (shown in blue). 
 
The data concerning the comonomer content of the samples shown in Figure 4.9 is on first 
glance a little more complex. There is a decrease in the 1-pentene content with increasing 
elution temperature for the TREF fractions as mentioned earlier, however, the opposite is not 
always the case once the selected fraction has been removed. Generally it would seem to hold 
that the higher the elution temperature of the TREF fraction removed the higher the residual 
1-pentene content since there is less and less of the 1-pentene actually being removed. This is 
true for the majority of the fractions, however, the two main exceptions are the cases where 
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the room temperature fraction is removed and the case where the 91 - 95 °C fraction is 
removed. In both cases the 1-pentene content of the residual material is higher than would be 
expected. 
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Figure 4.9 The 1-pentene content of the PP1P samples with specific TREF fractions removed from the 
sample (shown in red), and the 1-pentene content of the material removed (shown in blue). 
 
The reason for the higher than expected comonomer content for the sample  with the 91 - 95 
°C fraction removed is related to the amount of material removed from the polymer since this 
particular fraction contributes the most to the polymer as a whole (25.3%). Thus despite the 
fact that the 1-pentene content of this fraction is slightly higher than that of the fractions 
which are eluted at higher temperatures, there are significant amounts of this material being 
removed, hence the higher residual 1-pentene content. The same could be said for the case 
where the room temperature fraction is removed since the room temperature fractions’ 
contribution to the whole is approximately 9.2% but this is less than the fractions eluting at 
the higher temperatures. Therefore despite the presence of a higher percentage of 1-pentene in 
the 25 °C fraction compared to the 26 - 70 °C fraction, the smaller amount of that fraction 
being removed is the dominating effect. This effect is illustrated in Figure 4.10 which shows 
the actual mass percentage of 1-pentene remaining in each sample as well as the actual mass 
percentage of material which has been removed. The amount of 1-pentene remaining in the 
sample is clearly linked to the amount of material removed and the higher the fractionation 
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temperature of the fraction removed the more 1-pentene remains in the residual polymer since 
less and less is being removed. It is interesting to note that although the percentage 
incorporation of the 1-pentene decreases constantly with increasing elution temperature 
(Figure 4.9), the actual mass of 1-pentene contained in each fraction is slightly different at 
least for the lower temperature fractions.   
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Figure 4.10 An illustration of the mass percentage of 1-pentene remaining in the samples after the specific 
fractions have been removed (shown in red), as well as the mass percentage of the 1-pentene in the 
fraction removed (shown in blue). 
 
This demonstrates that the amount of material being removed for a certain fraction must be 
taken into account when examining the data. 
 
4.3.1.3 Physical properties 
 
An examination of the thermal properties of the samples is illustrated in Figure 4.11. 
The peak melting temperatures of the samples with fractions removed decreases as the TREF 
fractionation temperature of the fraction removed increases. This is consistent with the 
removal of higher melting material leading to residual material which melts at a lower 
temperature due to the fact that the chains which can crystallise to form thicker lamellae have 
been removed. 
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Figure 4.11 The peak melting temperatures of the PP1P samples with specific TREF fractions removed 
from the sample (shown in red), and the fractions removed (shown in blue). 
 
Once again the sample which does not seem to follow the trend is the one with the 91 - 95 °C 
fraction removed. It has a much lower peak melting temperature then would be expected and 
this is in keeping with the apparent high comonomer content of the residual material (Figure 
4.9). The presence of the comonomer has disrupted the chains’ ability to crystallise resulting 
in a noticeably lower melting temperature for the sample. Hosada et al. [8] have shown that 
small amounts of the comonomer can indeed be included in the crystal lattice by investigation 
of the expansion of the lattice spacing. This means that even small amounts of a defect such 
as a comonomer can cause a significant change in the crystallisation mechanisms of a 
material, indeed the effect of a comonomer on the crystallisation of a copolymer has been 
extensively studied [9-15]. 
The degree of crystallinity of the samples (Figure 4.12) shows that there are 
significant differences between the samples depending on which fraction one removes. The 
percentage crystallinity of the samples decrease up to the sample where the 81 - 90 °C 
fraction is removed, after which the crystallinity increases again for the samples with higher 
eluting TREF fractions removed. 
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Figure 4.12 The degree of crystallinity of the PP1P sample with specific TREF fractions removed from the 
sample (shown in red), and the crystallinity of the fraction removed (shown in blue). 
 
The general trend would seem to be the expected one where removing the more crystalline 
fractions leaves behind a material with a lower crystallinity. However, there are definitely 
other factors which play a role such as the amount of material removed. It would seem that 
this is an important factor in determining the properties of a material and that therefore the 
amount of material present in each fraction is critical to the properties of the material and not 
just the quality of the fraction. This implies that modification of a catalyst to alter the amounts 
of material in the fractions would therefore alter the properties of the material. An interesting 
comparison can be made between the crystallinity of the sample with the 81 – 90 °C fraction 
removed and that of the sample with the 91 – 95 °C fraction removed. The 91 – 95 °C fraction 
is more crystalline than the 81 – 90 °C fraction, however, the samples remaining after 
removing these fractions show the opposite trend than what would be expected in that the 
sample with the 81 – 90 °C fraction removed has a lower residual crystallinity despite 
removing a less crystalline material. This is also not due to the amount of material removed 
since there is more material being removed upon removing the 91 – 95 °C fraction. Therefore, 
it seems as if the 81 – 90 °C fraction is very important for enabling the sample as a whole to 
attain a high degree of crystallinity despite the fact that it is not the most crystalline nor the 
largest constituent fraction in the sample. 
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A very similar trend to that of the crystallinity of the samples is observed for the 
weighted average lamellar thickness (lw) of the samples in Figure 4.13. A general decrease in 
lw is observed until the sample with the 91 - 95 °C fraction removed, after which there is an 
increase in lw for the final three samples. A notable exception to the decreasing trend in the 
first few samples is the sample with the 26 – 70 °C fraction removed. This sample appears to 
have a higher than expected crystallinity and lw.  
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Figure 4.13 The weight average lamellar thickness of the PP1P samples with specific fractions removed. 
 
This is, however, due to the low amount of comonomer present in this sample as shown in 
Figure 4.9. The sample contains the least comonomer of all the samples with specific 
fractions removed and so there is less inhibition of the crystallisation of the chains. The 
lamellar thickness has been shown in a number of studies [8, 16] to decrease with increasing 
comonomer content of the sample. 
Figure 4.14 shows the observed trends for the modulus values at 2% strain for all the 
PP1P samples. As more crystalline material is removed from the sample at higher TREF 
fractionation temperatures the modulus of the sample decreases up to the 81 – 90 °C fraction. 
It is noted, however, that removing the fractions eluted at the higher temperatures does not 
seem to affect the modulus values to any great extent with the exception of the sample 
without the final fraction. Despite very little material being removed from the samples when 
extracting this fraction, there seems to be a noticeably lower modulus for the sample without 
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that fraction. It is believed that the low modulus values obtained are due to the lower 
crystallinity values as well as the absence of the fractions which contain the important tie-
molecules and “ordered” amorphous phase. These types of chains play an important role in 
the absorbing energy during deformation. It is noted that the most important fraction in the 
sample for maintaining a high tensile strength is the 81 – 90 °C fraction since this fractions 
removal results in the largest decrease in modulus. 
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Figure 4.14 The modulus values at 2% strain of the PP1P sample with specific TREF fractions removed 
from the sample. 
 
There are some extremely interesting facts which are revealed via the removal of 
selected fractions, namely that the fractions of reasonably high crystallinity and molar mass 
are responsible for giving the material its physical properties. These fractions are not those 
eluting at the highest temperatures, nor are they the most crystalline fractions in the sample, 
however, their presence is definitely required for good physical properties. Altering the 
amount of material in these fractions would therefore have the greatest influence on changing 
the physical properties of the polymer.  
The importance of the various TREF fractions to the properties of the material as a 
whole is evident from the data presented. The specific relationships observed are discussed in 
the next section. 
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4.3.1.4 Structure – property relationships 
 
There is a clear relationship between the modulus at 2% strain and the crystallinity of 
the sample. This is illustrated in Figure 4.15. The increase in the degree of crystallinity means 
that there is much more stiffness in the material and that there is less amorphous material 
present which would have aided in the flow of material. More force is therefore, necessary to 
induce the crystal-crystal slip involved in the break-up of the crystalline regions, resulting in 
the extension of the sample under the applied load. It has been observed [17] that fibrils tend 
to align in the direction of the applied load during such a tensile test and that less crystalline 
samples exhibit more stretching of the microfibrils than the more crystalline samples. This 
stretching of the fibrils can account for the lower observed modulus values since the lower 
crystallinity samples can deform easier then those of higher crystallinity, i.e. have a greater 
microplasticity.  
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Figure 4.15 The relationship between the crystallinity of the samples and the modulus at 2% strain. 
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Figure 4.16 The relationship between the weight average lamellar thickness of the samples and the 
percentage crystallinity. 
 
The crystallinity of a given sample is in turn dependent on the thickness of the lamellae of that 
sample. Lamellar thickening has been shown to account for increases in melting temperatures 
of polypropylene [18] and it is also clear from Figure 4.16 that the thicker lamellae are present 
in the more crystalline samples. The effect of the comonomer on the lamellar thickness is 
illustrated in Figure 4.17. The disrupting effect of the 1-pentene units in the formation of the 
crystals is evident. 
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Figure 4.17 The relationship between the weight average lamellar thickness and the 1-pentene content of 
the PP1P samples. 
 
Figure 4.18 illustrates the relationship between the crystallinity and the 1-pentene content. 
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Figure 4.18 The relationship between the 1-pentene content and the crystallinity of the PP1P samples. 
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It definitely seems as if the higher the comonomer content, the lower the degree of 
crystallinity, however, the correlation is not as strong as would be expected. It is important to 
note that despite the above relationships there is no strong correlation between the 1-pentene 
content of the samples and the modulus at 2% strain as illustrated in Figure 4.19.  
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Figure 4.19 The relationship between the comonomer content and the modulus at 2% strain. 
 
Therefore, it is believed that although the comonomer clearly affects the lamellar thickness 
which in turn affects the crystallinity there is only a weak correlation between the comonomer 
content and the modulus. It would therefore, appear as if there are other factors such as the 
molar mass and molar mass distribution which play an important role in determining the 
crystallinity of a sample. These factors also affect the modulus of the samples hence the lack 
of a direct correlation between the comonomer content and the modulus. No singular factor is 
believed to be responsible since no direct correlation was obtained between the molar mass or 
molar mass distribution and the modulus. 
In general it would seem that for the propylene copolymer the overriding factor 
determining the properties of the material is the comonomer content. One could say that the 
molar mass and molar mass distribution also play a role, for the samples with higher molar 
mass and narrower molar mass distribution tend to form thicker lamellae and have a higher 
crystallinity. However, this is more due to the fact that the active sites producing the high 
molar mass material do not incorporate the comonomer to the same extent as the sites 
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producing lower molar mass chains and so the effect of the comonomer cannot be excluded 
from these trends. The molar mass, and molar mass distribution, play a significant role in 
determining the properties as evidenced by the lack of a direct correlation between the 
modulus and comonomer content. 
 
4.3.2 PP homopolymer 
 
The techniques developed for the analysis of the propylene-1-pentene copolymer were 
then systematically applied to a polypropylene homopolymer. The molar mass and molar 
mass distribution of the two materials are similar (Section 4.2.1), however, the homopolymer 
has significantly higher melting points and degree of crystallinity. Since there is no 
comonomer present in this sample the main factors affecting the polymer properties are the 
stereospecificity, molar mass, and molar mass distribution. The regiospecificity of the chains 
can also be a factor, however, polymers made with Ziegler-Natta catalysts have extremely low 
amounts of regio-errors unlike those polymers made with metallocene catalysts where these 
types of errors are more prominent [19, 20]. 
 
4.3.2.1 PP characterisation 
 
The TREF characterisation of the PPH sample is given in Figure 4.20. The distribution 
of molecular species is reasonably broad with two fractions comprising the majority of the 
material. The elution temperatures of the major fractions are at 110 °C and 115 °C, 
considerably higher than those of the copolymer used in the first section as one would expect 
for an isotactic polypropylene homopolymer sample. 
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Figure 4.20 The TREF fractionation data for the PP homopolymer sample. 
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Figure 4.21 The molar mass data for the TREF fractions of sample PPH. 
 
The trend for the weight average molar mass of the TREF fractions (Figure 4.21) is 
similar to that of the copolymer and is the same trend we have observed for a number of 
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different fractionation experiments of different materials. There is a rather sharp increase in 
molar mass for the samples eluting above 105 °C indicating that those chains that crystallise 
out of solution at high temperatures are of a much higher molar mass than those which 
crystallise out at low temperatures. Since there is no comonomer present in this sample the 
ability of the chains to crystallise is mainly dependent on the tacticity of the chains [21, 22]. 
Since the active sites which produce material with a high degree of stereoregularity also have 
a high kp [23-26], it therefore follows that the majority of chains with high molar mass also 
have high stereospecificity and are able to crystallise out of solution at higher temperatures. 
What is noted, however, is that while the increase in molar mass of the PPH sample’s 
fractions increases drastically from the 105 °C fraction to the 115 °C fraction, the PP1P 
sample’s fractions’ molar masses increase over a broader range of temperatures, from the 80 
°C fraction to the 100 °C fraction. This implies that the comonomer is playing a larger role in 
the separation of chains for the PP1P sample than the tacticity is for the PPH sample, and that 
the molar mass of the homopolymer’s fractions possibly plays a more significant role in the 
separation mechanism. 
The polydispersity of the fractions (Figure 4.22) decreases as the fractionation 
temperature increases with the exception of the fraction eluting at 90 °C, however, the 
temperature range over which this material is collected is extremely broad hence the broader 
distribution of molecular species obtained for this fraction. It would appear that the active 
sites producing the material with the ability to crystallise out of solution at higher 
temperatures are more uniform and therefore produce a more uniform distribution of 
molecular species. In general the majority of the fractions show a narrow distribution with PD 
values between 3 and 3.5. 
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Figure 4.22 The polydispersity data for the TREF fractions of sample PPH. 
 
The 13C NMR data for the fractions is shown in Figure 4.23. The distribution of the 
various sequences is given for each fraction. The now familiar trend in properties is observed 
with the average mmmm pentad sequence distribution increasing up to the 110 °C fraction as 
one would expect since the higher the stereoregularity of the chains, the more easily they can 
crystallise. There is a slight decrease in the stereoregularity of the chains of the final few 
fractions indicating that despite the fact that these chains crystallise out of solution before the 
chains contained in the preceding fractions they are less isotactic and are of a lower molar 
mass. There is the possibility that the chains can crystallise out of solution before the more 
perfect chains located in the 110 °C fraction for example due to the slightly lower molar mass 
since too high a molar mass can inhibit the crystallisation of the chains. This is the only 
possible reason on a molecular level for the presence of these chains in the higher fractions 
since it is unlikely that the reduced tacticity of these chains would lead to an increased 
likelihood of crystallisation. There would have to exist a balance in terms of molar mass and 
tacticity which would then determine the temperature at which the chains would crystallise 
out of solution. The possibility of the entrapment of chains cannot be discounted. 
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Figure 4.23 The sequence distribution content for the TREF fractions of sample PPH. 
 
It is also important to note the high amount of syndiotactic material that is present in the room 
temperature soluble fraction implying a degree of chain end control for certain active sites in 
the catalyst. Material of this type is also evident in the 140 °C fraction which is another 
indication that entrapment of material occurred during the fractionation process. 
Analysis of the melting endotherms of the TREF fractions (Figure 4.24) also shows 
the characteristic increase in melting temperature with increasing fractionation temperature 
until the final couple of fractions where the decrease in stereospecificity of the material is 
evident in the slightly lower melting temperatures of the chains. The characteristic double 
melting peaks of polypropylene are evident in some of the lower temperature fractions and it 
is believed in that in this case the double melting peaks are the result of melting of different 
crystalline areas in the samples, namely the thicker radial and thinner tangential lamellae. 
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Figure 4.24 The melting endotherms of the TREF fractions of sample PPH. 
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Figure 4.25 The degree of crystallinity of the TREF fractions of sample PPH. 
 
The degree of crystallinity of the fractions (Figure 4.25) also increases with 
fractionation temperature over the temperature range of the first few fractions. From the 105 
°C fraction there is little further increase in crystallinity and the values are relatively constant 
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with the exception of the 120 °C fraction which shows a slight decrease. The reason for this 
could only be the difference in the molar mass of the samples since the tacticity values for this 
fraction are higher than that of the final fraction and the polydispersity of the fractions are 
similar. The slightly higher molar mass compared to the final fraction preventing the 
crystallisation of the chains to the same extent. The previous fraction at 115 °C has a higher 
molar mass (Figure 4.21) and crystallinity, however, it is believed that the higher crystallinity 
is due to the higher tacticity of the sample enabling the improvement in crystallisation of the 
chains despite the higher molar mass of the chains. It is clear that a balance must be struck in 
order to obtain the maximum degree of crystallisation. 
 
4.3.2.2 PP fraction removal 
 
The PPH samples with specific fractions removed are again referred to by the 
temperature range of the fraction removed from the sample. 
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Figure 4.26 The fraction removal data for the PPH sample. 
 
Figure 4.26 shows the amount of each fraction removed from the sample as a whole for each 
temperature range analysed. The major fractions are those at 110 °C and 115 °C and there are 
significant amounts of material being removed upon removal of these fractions which, as 
observed for the 1-pentene copolymer, plays a significant role in the properties of the 
materials and the trends formed upon removing the different fractions.  
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The weight average molar mass of each sample is given in Figure 4.27 and it is 
observed that initially there is a slight increase in the molar mass of the samples if the 26 – 90 
°C and 91 – 100 °C fractions are removed. It is important to note, however, that there is little 
material being removed from these samples and that the molar mass of the fractions removed 
are also similar, therefore, it is proposed that the amount of material removed is the overriding 
factor regarding the molar mass of the residual material. Removing the fractions eluting at 
higher temperatures, results in a clear and significant decrease in the molar mass of the 
residual material. Generally it is observed that removing materials of lower molar mass, 
leaves behind a material with a higher molar mass than removing material of a high molar 
mass eluting in higher temperature fractions.  
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Figure 4.27 The weight average molar mass of the PPH samples with specific fractions removed from the 
sample (shown in red), and the molar mass of the fraction removed (shown in blue). 
 
As far as the broadness of the molar mass distribution is concerned an examination of the 
polydispersity data reveals that there is no obvious relationship between the polydispersity of 
the fraction removed and that of the material remaining. It can be said that the polydispersity 
of all the samples is higher once a fraction has been removed and that in general removing a 
fraction with a relatively narrow distribution leaves behind material with a broader 
distribution of molar mass. Once again it is believed that trends observed in Figure 4.28 are 
mainly the results of the amount of material removed, as opposed to the quality of the material 
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removed, since the polydispersity of the TREF fractions removed are rather similar with the 
exception of the first two fractions. 
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Figure 4.28 The polydispersity of the PPH samples with specific fractions removed from the sample 
(shown in red), and the polydispersity of the fraction removed (shown in blue). 
 
An examination of the various sequence distributions as determined by 13C NMR is 
given in Figure 4.29. In general one can observe that all the samples contain material with a 
degree of stereo-errors and that the syndiotactic material produced by means of the chain end 
control mechanism is evident in all samples with the exception of the sample with the room 
temperature fraction removed as one would expect since it is the room temperature soluble 
fraction which contains the majority of these chains (see Figure 4.23). A more in-depth look 
at the average mmmm sequence distribution is given in Figure 4.30. A decrease in the average 
mmmm sequence content is observed as the temperature range of the fraction removed is 
increased up to the 101 – 105 °C sample. The highest temperature fractions have slightly 
lower average mmmm sequence contents and thus removing these fractions leaves behind 
material with a slightly higher mmmm sequence content than for example removing the 101 – 
105 °C fraction. 
 101
010
20
30
40
50
60
70
80
90
100
<25 26-90 91-100 101-105 106-110 111-115 116-140
Te (°C)
Se
qu
en
ce
 d
is
tr
ib
ut
io
n 
(%
)
mmmm
mmmr
rmmr
mmrr
mmrm + rrmr
rmrm
rrrm + rrrr
mrrm
 
Figure 4.29 The pentad sequence distribution content of the PPH samples with specific TREF fractions 
removed. 
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Figure 4.30 The percentage of mmmm pentad sequence content for PPH samples with specific TREF 
fractions removed (shown in red), and the mmmm pentad sequence content for the fractions removed 
(shown in blue). 
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The amount of material removed also seems to play a significant role. This is evident if one 
compares the 91 – 100 °C fraction removal and the 101 – 105 °C fraction removal. The 
mmmm sequence content of the fractions being removed are practically the same at 91.1% and 
91.4% respectively. However, there is a 5% difference in the mmmm sequence content once 
the fractions are removed. This is due to the greater amount of material being removed when 
one extracts the 101 – 105 °C fraction. Similarly to the case of the propylene-1-pentene 
copolymer discussed earlier, it is apparent that the amount of material produced by a certain 
type of active site is very important with regards to the properties of the material as a whole 
and not just the nature of the material produced by a certain site. 
 
4.3.2.3 Physical properties 
 
An examination of the thermal properties of the PPH samples leads one to conclude 
that the higher the melting temperature of the fraction removed the lower the melting 
temperature of the material remaining. This is a generalisation and a closer look at Figure 4.31 
shows that it is indeed the case for the majority of the fractions concerned. There are obvious 
exceptions to this generalisation, notably the removal of the final fraction and also the 
removal of the 25 °C fraction.  
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Figure 4.31 The peak melting temperatures of the PPH sample with specific TREF fractions removed 
from the sample (shown in red), and the peak melting temperatures of the fractions removed (shown in 
blue). 
 
With regards to the removal of the final fraction, the molar mass of this fraction is lower than 
that of the preceding fraction, the tacticity is approximately the same, and the polydispersity 
of the fraction is slightly higher. It would appear that the broader polydispersity and lower 
molar mass enable the formation of thicker lamellae which melt at high temperatures for this 
particular sample. Removal of the 25 °C fraction is interesting in that the fraction itself does 
not crystallise under the temperature conditions of analysis, however, removal of this 
material, compared to removal of the following fraction which is semi-crystalline, results in a 
sample which does not contain lamellae which are as thick and melt at a lower temperature 
than the following sample. It would appear that the presence of the amorphous material in the 
25 °C fraction aids in enhancing the mobility of the chains which can crystallise, thus 
enabling them to come together to form more perfect and thicker lamellae which melt at 
slightly higher temperatures. 
Analysis of the degree of crystallinity of the samples (Figure 4.32) on the other hand 
indicates that despite the thinner lamellae the amount of crystalline material is still higher for 
the sample with the 25 °C fraction removed as one would expect if a significant portion of 
amorphous material is removed from a sample. There is a definite trend in the crystallinity 
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data that the more crystalline the material removed, the less crystalline the remaining material 
as one would expect.  
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Figure 4.32 The degree of crystallinity of the PPH samples with specific TREF fractions removed (shown 
in red), and the crystallinity of the fractions removed (shown in blue). 
 
Similarly to the case of the PP1P sample there are some interesting points to be noted 
regarding the crystallinity of the samples. If one compares the crystallinity of the sample with 
the 91 – 100 °C fraction removed with that of the sample with the 106 – 110 °C fraction 
removed it is observed that although both samples have approximately the same degree of 
crystallinity, the crystallinity of the fraction being removed is significantly higher for the 106 
– 110 °C fraction. There is also significantly less of the 91 – 100 °C fraction being removed 
than is being removed by taking out the 106 – 110 °C fraction. This implies that once again 
the fractions which are reasonably crystalline but not the most crystalline are very important 
in facilitating the crystallisation of the polymer as a whole. 
A similar trend is observed for the weight average lamellar thickness as is observed 
for the crystallinity of the samples. There is a decrease in the thickness of the lamellae as the 
temperature range of the fraction removed increases (Figure 4.33). The sample with the 25 °C 
fraction removed has a slightly lower average lamellar thickness which correlates well with 
the lower melting point. The sample with the 111 – 115 °C fraction removed shows a slightly 
higher level of crystallinity than would be predicted, however, this sample does have the 
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lowest molar mass of the samples (Figure 4.25) and also a relatively high mmmm sequence 
content and so it would seem that these factors combined lead to the higher average lamellar 
thickness of the sample. 
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Figure 4.33 The weight average lamellar thickness of the PPH samples with specific TREF fractions 
removed. 
 
Figure 4.34 shows the effect of removing different fractions on the modulus value at 
2% strain. In general there would appear to be a decrease in the modulus as the temperature 
range of the fraction removed increases. It would appear that the 26 – 90 °C fraction is very 
important for the stiffness of the material despite the relatively high crystallinity of the PPH 
sample with this fraction removed and the high lamellar thickness of the sample. The chains 
of intermediate crystallinity which melt at lower temperatures possibly act as tie molecules 
and help in holding together the crystallites in different regions. Removing this material might 
result in a crystallinity increase, however, on application of a tensile load the energy 
absorption mechanisms are not as strong as when this fraction is present. Despite this the 
samples with a lower average lamellar thickness and lower crystallinity generally have a 
lower modulus value as would be expected with a more crystalline sample being stiffer than a 
less crystalline one. 
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Figure 4.34 The modulus values at 2% extension of the PPH sample with specific TREF fractions removed 
from the sample. 
 
4.3.2.4 Structure – property relationships 
 
A closer examination of the properties of the PPH samples reveals a few relationships 
between the polymer microstructure and the physical properties of the materials. Figure 4.35 
illustrates the correlation between the degree of crystallinity of the samples and the modulus 
of the samples. An increase in the crystallinity would definitely appear to result in an increase 
in the modulus of the samples although this is not the only factor affecting the properties. 
Similarly there is an effect of molar mass on the modulus (Figure 4.36) and it would appear 
that the higher molar mass samples have a higher stiffness than the lower molar mass samples 
possibly related to the degree of molecular entanglements which is higher for higher molar 
mass samples. There was, however, no direct correlation of molar mass with crystallinity 
implying that a combination of affects are at work regarding the properties of the materials 
upon loading. 
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Figure 4.35 The relationship between the crystallinity and the modulus at 2% strain for the PPH samples. 
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Figure 4.36 The relationship between the weight average molar mass and the modulus at 2% strain for the 
PPH samples. 
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The crystallinity on the other hand appears to be related to the lamellar thickness of the 
samples as a good relationship between the two properties is illustrated in Figure 4.37. 
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Figure 4.37 The relationship between the crystallinity and the lamellar thickness of the PPH samples. 
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Figure 4.38 The relationship between the lamellar thickness and the average mmmm pentad sequence 
content of the PPH samples. 
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There is also a tacticity effect on the lamellar thickness (Figure 4.38) as the higher the 
tacticity of a given sample, the thicker the lamellae. This is a clear indication that the 
stereoregularity of the chains is a dominant factor in determining the lamellar thickness of the 
crystals in the homopolymer. The tacticity therefore also plays an important role in 
determining the crystallinity of the samples as expected (Figure 4.39). 
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Figure 4.39 The relationship between the mmmm pentad sequence content and the crystallinity of the PPH 
samples. 
 
The importance of the molecular structure on the properties of the polymer is clearly evident 
from the differences observed between the samples. 
 
4.4 Conclusions 
 
The thorough analysis of the two propylene polymers undertaken in this section of the 
study, have yielded some interesting results. Generally it can be said that for both the 
copolymer and homopolymer the microstructure plays an extremely important role in 
determining the properties of the polymers. Both polymers were successfully characterised 
and the distinct differences between the homopolymer and copolymer were evident. The 
effect of the comonomer on the fractionation of the copolymer, and on the properties of the 
copolymer as compared to the homopolymer were observed. The comonomer clearly disrupts 
the crystallisation of the propylene segments. The nature of this section of the work is such 
that one could not say with any certainty that the comonomer is present in the crystalline 
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regions itself, however, the comonomer is incorporated to such an extent that there are highly 
isotactic chains present which include isolated 1-pentene units in the chains and these 
comonomer units do indeed have an effect on the crystallisation of the polymer. A more in 
depth analysis on the location of the comonomer is beyond the scope of this work.  
As far as the correlation between the polymer microstructure and the physical 
properties are concerned a number of relationships were established. The modulus of both the 
copolymer and the homopolymer was dependant on the crystallinity of the samples, with a 
higher crystallinity resulting in a higher modulus value for a given polymer. It is also evident 
that the modulus values for the homopolymer are much higher than those of the copolymer 
indicating that the disruption of the crystallisation of the polymer by the comonomer plays a 
significant role in determining the properties of the material. In turn the crystallinity of the 
copolymer samples was shown to be strongly dependant on the lamellar thickness of the 
samples which in turn were dependant on the 1-pentene content of the sample. There was no 
direct correlation between the comonomer content and the modulus indicating that the molar 
mass and molar mass distribution also play a significant role.  
Similarly the crystallinity of the homopolymer was dependent on the lamellar 
thickness of the samples and this in turn was dependant on the mmmm pentad sequence 
content. Irrespective of which polymer system is analysed it appears that any structural defect 
inhibiting the crystallisation of the chains plays a large role in determining the physical 
properties. There was also no direct correlation between the mmmm pentad content and the 
modulus despite the formers influence on the crystallinity. There was also a slight molar mass 
effect on the modulus values for the homopolymer indicating the possibility that molecular 
entanglements and tie molecules contribute to the stiffness of the polymer. 
It was also discovered that the amount of a certain type of material present in a 
polymer system plays an important role in determining the properties. Changing the amount 
of materials physically constituting a polymer was possible using preparative TREF and this 
showed that the alteration of a polymer properties is possible by altering the amounts of 
certain types of chains in the polymer. The alteration of the properties demonstrated that 
certain specific TREF fractions are extremely important for the properties of the polymer as a 
whole, as the properties decreased significantly in the absence of these fractions. It is also 
noted that the most important fractions are not necessarily the most crystalline fractions or 
even those eluting at the highest temperatures but that the fractions eluting in the intermediate 
to high temperatures are the most important. These fractions possibly serve as tie molecules 
and form part of the crystalline and ordered amorphous phases, aiding in the linkup of 
different crystalline regions and thus improving polymer properties.  
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Alteration of the amount of certain fractions in the polymer was done on a physical 
basis for the work in this chapter, however, the same methodology can be applied to the 
scenario whereby the composition of a polymer is altered by changing the nature of the active 
sites actually producing the polymer. This chemical alteration of the active sites is made 
possible by alteration of the polymerisation conditions. There are a number of different ways 
in which this can be done and these are discussed further in the following chapters. 
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Chapter 5. Polymerisation reactions with a Ziegler-Natta 
catalyst 
 
5.1 Introduction 
 
The research into Ziegler-Natta catalysts and the polymers they produce is a 
reasonably mature field, driven on by the huge consumer demand for the products which are 
produced from these polymers. Since the discovery of these catalysts in the 1950’s the 
number of applications for the materials have grown extensively as a direct result of research, 
the result of which has been the ability to manipulate the properties of the polymers produced 
via a number of means such as varying reaction conditions, new catalysts and 
copolymerisation. Manipulation of the properties of the material via modification of the 
polymerisation conditions is therefore, a key step in the development of different polymer 
grades and is the modification mechanism focussed on in this chapter. The polymerisation 
conditions in turn affect the active sites of the catalyst and the manner in which they 
polymerise the monomer. Variations in the active sites and their effect on polymer properties 
were discussed in detail in Chapter 2. 
The following chapter discusses the results for the development work done on the 
conditions used for the polymerisations. It was decided to perform a number of different 
reactions with the catalyst in order to examine the effects of different polymerisation 
temperatures, catalyst/cocatalyst ratio’s, monomer pressures, the presence or absence of 
electron donor, the type of electron donor, and the external donor/catalyst ratio. Due to the 
fact that the polymerisations were conducted in relatively small 300 mL reactors, many of the 
initial developmental reactions were focussed on the activity of the system so as to ensure that 
sufficient material was produced for further analysis, especially for the reactions used for 
more in-depth studies. Once a good understanding was obtained on the manner in which the 
catalyst functions a number of more specific reactions were performed for the in-depth 
analysis. 
 
5.2 Experimental 
 
The majority of the experimental details are given in Chapter 3, however, a few 
specific to the polymerisations are given here.  
 
5.2.1 Polymerisation details 
 
All polymerisations were conducted in a 300 mL stainless steel reactor equipped with 
a pressure gauge, gas inlet, and sample introduction port. A specified amount of catalyst was 
first weighed off into a schlenk tube in a glove box under an argon atmosphere. The schlenk 
tube was then sealed and transferred to a schlenk line adjacent to the reactor. To the catalyst 
was added 5 mL toluene as solvent, as well as the cocatalyst and external electron donor 
(depending on whether this was required during the reaction or not) into the schlenk tube. 
Subsequent to initial investigations on the matter, the contact time in the schlenk tube was 
maintained at a constant 1 minute. The reactor was repeatedly evacuated and flushed with 
argon prior to the polymerisation reaction. 20 mL of toluene was then added to the reactor. 
The catalyst solution was then introduced to the reactor. The reactor was then charged with 
hydrogen (if required for the reaction in question), followed by propylene monomer. All 
reactions were left to take place over one hour after which they were terminated via the 
addition of a 10% solution of hydrochloric acid in methanol. 
The two types of external electron donor used in this study are illustrated in Figure 
5.1. The only difference between the two donors being the exchange of a phenyl group for a 
methyl group so that the substituents on the silane are less bulky for external donor B in order 
to investigate this effect on the polymerisations. 
 
 
Figure 5.1 The structure of the two types of external Lewis base used in the study, namely DPDMS 
(structure A) and MPDMS (structure B). 
 
5.2.2 Polymer characterisation 
 
The 13C NMR, DSC, and HT-GPC data of the samples were obtained according to 
procedures described in Chapter 3 (Sections 3.3.1-3.3.3). 
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5.3 Results and Discussion 
 
Each of the different reaction conditions investigated during the course of the study 
are discussed in turn. 
 
5.3.1 Catalyst/cocatalyst pre-treatment time 
 
Initial reactions focussed on the contact time between the catalyst and cocatalyst. This 
is an important factor since it is known that although the cocatalyst activates the catalyst to 
form the metal-carbon bond, it can also over-reduce the titanium species resulting in sites on 
the catalyst which are inactive for polymerisation [1, 2]. Stopped-flow reactions have also 
shown this deactivation of the catalyst and have shown that there is a reduction in the active 
centre concentration (C*) when the catalyst is pre-treated with the cocatalyst [3].  
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Figure 5.2 The effect of the contact time of the catalyst and co-catalyst on the activity of the system. 
 
Figure 5.2 illustrates the catalyst-cocatalyst contact times investigated. It is clear that after an 
initial increase over the first couple of minutes the activity decreases sharply as the contact 
time is increase further. This is consistent with the over-reduction of the titanium species 
reducing the number of sites actually active for the polymerisation, thereby lowering the 
activity of the catalyst as a whole.  Evidence that the polymer chains that are produced are 
also inherently different is given in Figure 5.3. The decrease in molar mass as the contact time 
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is extended past the optimum time is shown, implying that the active sites on the catalyst are 
not able to produce material of the highest chain lengths. A reduction in molar mass with 
reduction of the active species has been shown by other researchers [2]. 
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Figure 5.3 The effect of the contact time of the catalyst and co-catalyst on the molar mass of the polymer. 
 
The thermal properties of the samples were also investigated and the effect of the over 
reduction of titanium species has also been observed to have an affect on the crystallinity of 
the samples as illustrated in Figure 5.4. There is an initial increase in the degree of 
crystallinity, however, this soon decreases again for the longer catalyst-cocatalyst contact 
times. This is most likely due to the extraction of the internal donor from the catalyst by the 
cocatalyst, thereby reducing the stereospecificity of the active sites. It is also possible that 
over-reduction of the titanium species also aids in the formation of less stereospecific active 
sites. The lower stereospecificity of the active sites would result in the production of chains of 
a lower stereoregularity and lower molar mass due to a reduction in kp for the sites of lower 
stereoregularity. This would result in the chains not being able to crystallise as perfectly as 
prior to the over-reduction and indeed a decrease in isospecificity of overly reduced titanium 
species has been observed [2]. Mori et al. [4] have shown a decrease in the isotacticity of the 
polymer and an increase in the polydispersity of the polymer produced as the reducing ability 
of the cocatalyst is increased. This also indicates that the over-reduction of the titanium 
species plays an important role in altering the composition of the active sites of the catalyst. 
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Figure 5.4 The effect of the contact time of the catalyst and co-catalyst on the crystallinity of the polymer. 
 
5.3.2 Polymerisation temperature 
 
The polymerisation temperature is known to play an important role in determining the 
activity [5] of the active sites as well as other parameters such as the isospecificity [6, 7] and 
molar mass [8, 9] and morphology of the catalyst particle [10]. Various temperatures were 
investigated at two different cocatalyst-catalyst ratios in order to investigate the differences in 
this parameter for the varying conditions. The two different ratios investigated were Al:Ti = 
20 and Al:Ti = 80. The polymerisations conducted to investigate the effect of temperature 
were conducted in the absence of both hydrogen and external electron donors. 
 
5.3.2.1 Al : Ti = 20 
 
Figure 5.5 illustrates the change in activity as the polymerisation temperature is 
increased from 20 °C to 80 °C. There is a clear increase in activity with polymerisation 
temperature over the temperature range investigated. Zhong et al. [7] have shown, however, 
that too high a polymerisation temperature, especially using the highly active 
triethylaluminium cocatalyst used in this study, results in a decrease in activity. This 
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temperature at which the activity begins to decrease is over 80 °C for the relatively low 
cocatalyst-catalyst ratio of 20. 
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Figure 5.5 The effect of temperature on the activity of the catalyst at an Al:Ti = 20. 
 
The activity increase with increasing temperature is most likely due to an increase in the 
propagation rate constant of the sites as well as the possibility of an increase in the ability of 
the cocatalyst to activate the catalyst, thereby producing more active centers for 
polymerisation as was revealed by Zakharov et al. [5]. 
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Figure 5.6 The effect of temperature on the Mw of the polymer produced at an Al:Ti = 20. 
 
The molar mass of the samples generally decrease with increasing polymerisation temperature 
as can be seen in Figure 5.6. The reduction in molar mass with increasing polymerisation 
temperature has also been shown to occur in studies by Zhong et al. [7], Wang et al. [9], and 
Zohuri et al. [11]. Chadwick et al. [6] also observed a decrease in molar mass with increasing 
polymerisation temperature for a donor free catalyst and an increase in molar mass when an 
external donor was present in the system. They also used a catalyst system with DIBP as 
internal donor and observed a decrease in viscosity (which is an indication of a decrease in 
molar mass) with increasing polymerisation temperature in the absence of external donor. 
The degree of crystallinity of the samples was also investigated and the results are 
given in Figure 5.7. No definite trend was observed for the crystallinity of the samples 
although there is possibly a slight overall decrease with increasing polymerisation 
temperature. There would appear to be a correlation between the crystallinity of the samples 
and the mmmm pentad sequence content (Figure 5.8) as would be expected. The increase in 
crystallinity at the highest polymerisation temperature of 80 °C, occurs as a result of an 
increase in mmmm pentad content at the same temperature. 
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Figure 5.7 The effect of temperature on the crystallinity of the polymer produced at an Al:Ti = 20. 
 
Generally a decrease in tacticity of the samples was observed with increasing polymerisation 
temperature (Figure 5.8). Kissin et al. [8] have also discovered a general decrease in the 
average tacticity of samples with increasing polymerisation temperature. Chadwick et al. [6] 
on the other hand have observed an increase in the stereoselectivity of a catalyst containing a 
diether as donor with increasing polymerisation temperature, both in the presence and absence 
of hydrogen. The use of the diether in their system mean that their results would be different 
since the diether is not extracted to any great extent by the cocatalyst, thus preventing the 
over-reduction of the titanium species at higher temperatures. Their reactions, using DIBP as 
internal donor, did not show any increase in tacticity with polymerisation temperature.  
An increase in tacticity is observed if the polymerisation temperature is raised from 70 
°C to 80 °C as seen in Figure 5.8. This is possibly due to faster propagation at the higher 
temperatures for the more stereospecific sites thereby increasing their productivity [6], 
although this effect would also be counterbalanced by the over-reduction of titanium species 
and extraction of internal donor. 
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Figure 5.8 The effect of the polymerisation temperature on the tacticity of the polymer produced at an 
Al:Ti = 20. 
 
5.3.2.2 Al : Ti = 80 
 
Figure 5.9 shows the effect of polymerisation temperature at the higher cocatalyst-
catalyst ratio of 80. The same increase in activity with polymerisation temperature is observed 
for the higher cocatalyst loading, however, the decrease in activity at high temperature is 
evident at 80 °C as opposed to the earlier case at a lower cocatalyst-catalyst ratio where the 
decrease is not yet evident at 80 °C. This is more than likely due to the fact that at the higher 
cocatalyst-catalyst ratio there is more cocatalyst present in the system, and therefore the 
likelihood of reduction of the catalyst is greater.  
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Figure 5.9 The effect of the polymerisation temperature on the activity of the catalyst at an Al:Ti = 80. 
 
There was once again no distinct relationship between the polymerisation temperature and the 
degree of crystallinity of the samples (Figure 5.10).  
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Figure 5.10 The effect of temperature on the crystallinity of the polymer produced at an Al:Ti = 80. 
 124
However, it is noted that the same trends are observed at both cocatalyst/catalyst ratios, in that 
an increase in temperature first brings about an increase in crystallinity, followed by a 
decrease at higher temperatures and finally another increase at the highest temperature 
investigated. 
Comparison of the mmmm pentad sequence content of the sample polymerised at 
varying temperatures and at a cocatalyst-catalyst ratio of 80 show that there is an opposing 
effect with regards to the stereospecificity and the activity of the catalyst. Increasing the 
polymerisation temperature increases the activity up to 70 °C, however, this comes at the cost 
of a reduction in tacticity of the polymer produced. This is due to the increased activation of 
the catalyst by the cocatalyst at the higher temperatures due to the increased level of energy in 
the system. The active centre activation is more indiscriminate and so the active sites 
activated are not necessarily those that are highly stereospecific. Since there is more energy in 
the system a factor such as a 2,1 insertion which would normally result in a species having a 
low activity in chain propagation, does not slow down the polymerisation mechanism to the 
same extent as it would at lower polymerisation temperatures. There is therefore also the 
increased likelihood of stereo-errors along with the higher activity.  
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Figure 5.11 Comparison of the activity (closed triangles) and average isotacticity (closed circles) for 
polymers produced while varying the temperature at Al:Ti = 80. 
 
The higher cocatalyst content also means that there is greater extraction of the internal 
electron donor, compared to the lower cocatalyst-catalyst ratio, which occurs relatively easily 
for the MgCl2/TiCl4/DIBP-AlEt3 system, although not as easily as for the MgCl2/TiCl4/EB-
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AlEt3 system [12, 13]. This appears to be the case at least for the lower temperatures, while at 
higher temperatures the mmmm pentad content appears to be very similar for the two 
cocatalyst-catalyst ratios as the polymerisation temperature becomes the dominant factor 
affecting the active sites. 
 
5.3.3 The catalyst/cocatalyst ratio 
 
The next polymerisation variable under investigation is the cocatalyst-catalyst ratio. 
The polymerisation temperature was kept constant at 70 °C for these investigations. The 
reactions were also conducted in the absence of both hydrogen and external electron donors. 
Figure 5.12 shows the effect of the cocatalyst-catalyst ratio on the activity of the 
system. A clear increase in activity is observed with increasing level of cocatalyst in the 
system as is expected since there is more of the cocatalyst present to activate more sites on the 
catalyst, which produces more polymer. This effect would be expected to change at higher 
cocatalyst-catalyst ratios due to the over-reduction of the titanium species [2]. It is also 
possible that the higher cocatalyst levels in the system also aid in removing contaminants 
from the reactor system, thereby allowing the reaction to proceed better than if the 
contaminants were still present.  
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Figure 5.12 The variation of Al:Ti at a polymerisation temperature of 70 °C. 
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In turn the increased activation of the catalyst yielding more polymer results in a general 
decrease in the molar mass of the polymer especially at higher cocatalyst/catalyst ratios 
(Figure 5.13). Increased chain transfer to the cocatalyst is thought to be a possible cause of the 
molar mass decrease. However, it is believed that the main reason for the decrease in molar 
mass is the extraction of the internal electron donor (DIBP) from the system since this is 
known to occur. This results in the formation of active sites with lower propagation rate 
constants and lower stereospecificity, thus the polymer produced is of a lower molar mass 
and, as observed in Figure 5.14, a lower mmmm pentad content as well. The sites will 
therefore also be more “open”, allowing chain transfer reactions to take place easier. The sites 
without electron donor present are also likely to be less stable than when the donor was 
present at the active site.  
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Figure 5.13 The effect of variation in catalyst/cocatalyst ratio on the weight average molar mass at a 
polymerisation temperature of 70 °C. 
 
The variation in the mmmm pentad content of the polymers produced at varying 
cocatalyst-catalyst ratios is illustrated in Figure 5.14. The correlation with the crystallinity of 
the samples is also given for comparison and a clear relationship is observed between the 
mmmm pentad content and the crystallinity. The decrease in both the mmmm pentad content 
and crystallinity with increasing cocatalyst-catalyst ratio is also noted, as a result of the 
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increasing extraction of the internal electron donor from the surface of the catalyst. Similar 
results were obtained by Zohuri et al. [11] for both monosupported and bisupported catalysts. 
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Figure 5.14 The average isotacticity (closed triangles) and percentage crystallinity (closed circles) of the 
polymers produced while varying the Al:Ti ratio as determined by 13C NMR. 
 
5.3.4 Propylene pressure 
 
Investigations into the effect of the propylene pressure on the activity of the catalyst 
were performed at 40 °C using DPDMS as an external donor, however, no hydrogen was 
present in the reactions.  
Figure 5.15 indicates the influence of the monomer pressure on the activity of the 
catalyst. There is an increase in activity with increasing monomer pressure as one would 
expect since a number of researchers have established a first order dependence with regards to 
the monomer pressure on the polymerisation rate [14-16].  
The effect of the higher monomer pressure on the molar mass of the polymer produced 
is illustrated in Figure 5.16. A decrease in molar mass with increasing monomer pressure is 
observed. Increased chain transfer to monomer is a possible cause of the molar mass decrease 
since this is the most important form of chain transfer in the absence of hydrogen [17-19], and 
indeed these reactions were conducted in the absence of hydrogen. However, if propagation 
and chain transfer rates are first order with regards to the monomer concentration, then the 
decrease in molar mass is more likely due to insufficient temperature control. It has also been 
shown that in general the isotacticity of the polymer produced is higher for reactions with a 
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lower propylene pressure [20], due to the fact that the back-skip of the growing chain is 
preferred to less regio- or stereo-insertion. 
2.50
3.00
3.50
4.00
4.50
5.00
0.70 0.90 1.10 1.30 1.50 1.70 1.90
Propylene Pressure (MPa)
A
ct
iv
ity
 (k
gP
P/
gT
i.h
)
 
Figure 5.15 The influence of the propylene pressure on the activity of the catalyst. 
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Figure 5.16 The influence of the propylene pressure on the weight average molar mass of the polymer 
produced. 
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5.3.5 The use of hydrogen as a chain transfer agent 
 
The polymerisations conducted to investigate the effect of hydrogen were performed 
using DPDMS as an external donor during the course of the polymerisations which were 
conducted at 40 °C. Hydrogen is a well known, and the most industrially used, chain transfer 
agent for Ziegler-Natta polymerisations. It is by far the most efficient chain transfer process 
and a half-order dependence with respect to the hydrogen concentration has generally been 
found [17].  
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Figure 5.17 The effect of the addition of hydrogen to the polymerisation system on the molar mass of the 
polymer produced. 
 
The decrease in molar mass with increasing hydrogen concentration illustrated in Figure 5.17 
is very clear. It is noted that a large decrease in molar mass is obtained with the addition of a 
small amount of hydrogen to the system but that significantly more hydrogen must be added 
in order to decrease the molar mass further, becoming increasingly more difficult as the 
hydrogen pressure increases. The limited ability of the effect of hydrogen to control the molar 
mass of the polypropylene at high hydrogen concentrations has been discussed in detail by 
Kissin et al. [21]. 
It has also been noted that various researchers have observed an activating effect when 
hydrogen is used during the reaction. The activation effect was not observed for the reactions 
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undertaken in this section of the study and in the remaining sections the hydrogen 
concentration was kept constant when used in a reaction, however, a brief discussion of the 
topic is deemed relative to the overall picture of the polymerisation reaction. 
Kouzai et al. [22] discovered that there was no effect of the hydrogen on the aspecific 
sites, while the molar mass of the polymer produced at the isospecific sites decreased upon 
hydrogen addition. Liu et al. [23] investigated the hydrogen dissociation sites on the catalysts 
and they concluded that deactivation of certain active titanium species could be associated 
with the formation of hydrogen dissociation sites, subsequently confirmed by H2-D2 exchange 
reactions. Busico et al. [24] investigated diester and diether based systems and discovered that 
the better hydrogen response of the diether based system was due to the more uniform 
distribution of the regiodefects in the polymer chains. The relatively hindered active sites 
present in a system after a 2,1 insertion are preferential points for the hydrogen to terminate 
the growing chain [25], thus enabling the reactivation of the site and the subsequent 
continuation of the polymerisation. This is the reason for the activating effect of hydrogen 
observed by a number of researchers since the formation of a site of relatively lower activity 
is prevented and chain propagation can continue at a faster rate. There is also the possibility 
that the regio- and stereo-regularity of the chains could increase as a result of this mechanism 
of chain transfer. Essentially what would have been a defect incorporated into the chain is 
converted into a chain end and so it is possible that the average tacticity of the samples can 
increase with increasing hydrogen concentration. An alternative mechanism for the molar 
mass control of polymers by hydrogen was proposed by Kissin and Rishina [26]. They 
propose that the hydrogenolysis of the Ti-iso-C3H7 group formed either after secondary 
propylene coordination after β-hydride transfer or transfer to hydrogen, or by chain transfer to 
monomer if the propylene is coordinated in the secondary orientation. Essentially they 
propose that the Ti-iso-C3H7 group is relatively stable and so the hydrogenolysis of this group 
plays a significant role in reactivating dormant centers in the catalyst. It is therefore clear that 
the presence of the hydrogen in the polymerisation system is extremely important as it 
performs a very important role with a number of related consequences. 
The crystallinity of the samples with varying hydrogen content varies considerably as 
the hydrogen content is increased. Figure 5.18 illustrates the general increase in crystallinity 
of the samples between the hydrogen pressures of 10 kPa and 100 kPa. The lower molar mass 
of the samples would appear to be the main driving force behind the improvement in 
crystallinity, although a possible slight increase in average tacticity of the samples cannot be 
discounted which would also aid in improving the degree of crystallinity. It is also noted that 
increasing the hydrogen pressure from 100 to 400 kPa does not result in any change in the 
crystallinity. 
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Figure 5.18 The effect of hydrogen on the percentage crystallinity of the polymers produced. 
 
5.3.6 Varying the external donor type – no hydrogen present 
 
The following section of the work examined the effect of the amount and type of 
external Lewis base which was introduced to the reactor system. The two Lewis bases used 
were DPDMS and MPDMS. The effect of the amount of the external donor used was also 
investigated by varying the external donor/catalyst ratio. The reactions in this section were 
conducted in the absence of hydrogen at 40 °C. The reactions with DPDMS as external donor 
will be discussed first followed by those using MPDMS. 
 
5.3.6.1 DPDMS 
 
The reactions conducted with DPDMS as external donor were also used to investigate 
the effect of varying the cocatalyst/catalyst ratio on the reactions while also varying the 
external donor/catalyst ratio. The trends observed for the activities of the reactions are 
illustrated in Figure 5.19. In general if one first examines the effect of varying the amount of 
external donor for a given cocatalyst/catalyst ratio it would seem as if the activity of the 
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system generally decreases with increasing amount of external donor present in the reaction as 
one would expect since the external donor is proposed to eradicate aspecific active sites, 
thereby reducing the overall number of active centers [27], and thus lowering the activity of 
the catalyst. It is also well known that the external donor forms a complex with the cocatalyst 
[17, 28] and therefore it is also possible that at high donor levels in the reaction there is less 
free cocatalyst to activate the sites. The complex between the external donor and the 
cocatalyst is also capable of activating the catalyst but the activating power is not as strong as 
that of the free cocatalyst.  
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Figure 5.19 The effect of the Si : Ti on the activity of the catalyst. 
 
It is also noted that as a generalisation there is an increase in the activity at a certain external 
donor loading for each of the different cocatalyst/catalyst ratios used. It would also appear 
that the higher the cocatalyst loading in the reaction, the broader the region of activity 
increase (in terms of the external donor/catalyst ratio), and that the higher the cocatalyst 
loading the more external donor is required to attain the activity increase. There is therefore a 
clear relationship between the external base and cocatalyst in the system which results in a 
slight activity increase at a certain external donor/catalyst ratio. It is also noted that in general 
the activity of the catalyst is higher at higher cocatalyst/catalyst ratios as expected and 
discussed in Section 5.3.3. The slightly lower than expected activity at the cocatalyst/catalyst 
ratio of 80 is possibly due to over-reduction of some of the titanium species. 
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Similar trends are observed upon examination of the molar mass data in Figure 5.20. 
There is an initial decrease in molar mass as the external donor level is increased slightly, 
however, upon further increase in the external donor level there is a sharp increase in molar 
mass of the polymers formed. This trend is observed at all cocatalyst/catalyst ratios with the 
sharp increase in molar mass seemingly related once again to the amount of cocatalyst and 
external donor in the system since generally the molar mass increase occurs at higher external 
donor loadings for higher cocatalyst/catalyst ratios.  
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Figure 5.20 The effect of the Si : Ti on the weight average molar mass of the polymer produced. 
 
Analysis of the 13C NMR data reveal that there is also an initial sharp increase in the 
average mmmm pentad sequence content of the polymers as the external donor level is 
increased (Figure 5.21), but that upon further increase in the donor levels there is actually a 
slight decrease in mmmm pentad content which then seems to remain relatively constant. 
Once again the higher the cocatalyst level in the system, the higher the silane loading is before 
the slight decrease in mmmm pentad content is observed. 
There is a decrease in activity of the catalyst, and the polymer produced increases in 
relative average mmmm pentad content and decreases in molar mass upon increasing the 
external donor/catalyst ratio slightly. This is consistent with the external donor forming a 
complex with the cocatalyst and coordinating in the vicinity of the active sites thereby 
improving their stereospecificity. The decrease in activity would be the results of the 
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deactivation of some aspecific sites as a result of the coordination of the external donor and 
this appears to be the overriding effect upon increasing the external donor levels even to 
extremely high loadings. It is also probable that increasing the level of the external donor 
prevents the extraction of the internal donor to the same extent, thereby aiding in the 
prevention of the formation of more aspecific sites, and also reducing the activity of the 
catalyst by preventing the reactivation of dormant sites. 
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Figure 5.21 The effect of the Si : Ti on the mmmm pentad content of the polymer produced. 
 
The molar mass decrease over the same region of initial increase in external donor 
loading would have to be the result of increased termination of the chains via transfer 
reactions. This is due to the fact that increasing the stereospecificity of the active sites, as is 
the case for a small increase in silane loading, increases the kp of the sites since the kp of 
isospecific sites is generally higher than that of aspecific sites [29-31]. Therefore the 
reduction in molar mass would seem to be more than likely due to increased transfer 
reactions. The most important chain transfer reaction in the absence of hydrogen being the 
chain transfer to monomer, which contrary to chain transfer to hydrogen, takes place 
preferentially after a primary insertion [12]. The transfer to monomer is also strongly related 
to the stereospecificity of the active sites with an increase in stereospecificity of the active site 
leading to lower occurrences of chain transfer to monomer. The fact that the mmmm pentad 
content increases should mean that the kp of the active sites also increases and that the 
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likelihood of chain transfer to monomer decreases, however, the molar mass decreases 
significantly when the external donor level is initially increased and so chain transfer must be 
the reason and is possibly energetically preferred to the inclusion of a defect in the chain.  
Higher external donor levels result in higher molar mass polymer being produced at a 
slightly lower level of stereospecificity. The main reason for the increase in molar mass is 
thought to be due to the reduction in the number of propagating centers due to the 
deactivation of a number of sites by the external donor, thereby increasing the molar mass of 
those centres still active for polymerisation. It seems as if the stability of the active sites 
increases at higher external donor loadings. There is the possibility that the higher molar mass 
is due to a drastic reduction in the amount of transfer reactions taking place. This could be due 
to the fact that practically all the cocatalyst is complexed to the external donor and so the 
chain transfer to cocatalyst is possibly eliminated as a chain termination mechanism. 
However, the rate of chain transfer to cocatalyst has been shown to be at least an order of 
magnitude less than the chain transfer to monomer [32]. Therefore the reduction in chain 
transfer reactions would seemingly have to include a reduction in chain transfer to monomer 
in order to account for the increase in molar mass observed. A reduction in chain transfer 
reactions would also allow for the inclusion into the chains of more stereo-errors thus 
reducing the average tacticity of the chains at the same time. 
The slight increase in activity at a certain external donor/catalyst ratio would appear to 
be due to a balance between the decrease in the number of active sites via coordination of 
external donor to the catalyst and the increase in molar mass of the polymer produced at the 
sites which are still active producing more material. This in turn is related to the chain 
termination reactions and so it would seem that the reduction in transfer reactions coinciding 
with increasing molar mass and decreasing number of active sites as a result of increasing 
donor levels are the reasons for the observed trends in activity.  
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Figure 5.22 The effect of the Si : Ti on the crystallinity of the polymer produced. 
 
The crystallinities of the samples are given in Figure 5.22. There would appear to be an initial 
increase in crystallinity with increasing external donor loading for the samples at all the 
different cocatalyst/catalyst ratios investigated. However, there are no other distinct trends 
observed for higher external donor loadings.  
 
5.3.6.2 MPDMS 
 
A few reactions were also conducted using MPDMS as external donor in the absence 
of hydrogen. All reactions in this section were conducted at a cocatalyst/catalyst ratio of 80. 
Data on the reactions using DPDMS as external donor, also at a cocatalyst/catalyst ratio of 80, 
are given for comparison. A number of studies [33-36] have pointed out that the best 
alkoxysilane donors are those with bulky substituents in order to give selective poisoning of 
the active sites. Therefore it is predicted that using DPDMS as external donor would produce 
active sites which were on average more hindered than those produced using MPDMS. 
It would appear that using MPDMS as external donor results in a catalyst with a 
generally higher activity at similar external donor loadings at least for the lower external 
donor/catalyst ratios (Figure 5.23). 
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Figure 5.23 The effect of the Si : Ti on the activity of the catalyst: Comparisons of the DPDMS and 
MPDMS as external donors. 
 
This could be due to the active sites with MPDMS in close proximity being more open than 
those where DPDMS is present. The molar mass data given in Figure 5.24 would appear to 
support this due to the fact that the molar mass of the polymers produced using MPDMS is 
significantly higher than that produced with DPDMS in the absence of hydrogen. The same 
trend of increasing molar mass with increasing external donor/catalyst ratio if observed for the 
polymers produced with MPDMS. 
There is also an increase in the average mmmm pentad sequence content, of the 
polymer produced with MPDMS, with increasing external donor/catalyst ratio. It appears as if 
the tacticity of the polymers produced using MPDMS can attain the same levels of 
stereospecificity as those produced with DPDMS but that higher external donor loadings are 
necessary to attain this same high level of tacticity. 
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Figure 5.24 The effect of the Si : Ti on the weight average molar mass of the polymers: Comparisons of the 
DPDMS and MPDMS as external donors. 
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Figure 5.25 The effect of the Si : Ti on the mmmm pentad content of the polymers: Comparisons of the 
DPDMS and MPDMS as external donors. 
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As far as the crystallinity of the polymer is concerned it would appear that the generally 
higher tacticity and lower molar mass of the samples produced with DPDMS enable the 
chains to crystallise to a greater extent. 
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Figure 5.26 The effect of the Si : Ti on the crystallinity of the polymers: Comparisons of the DPDMS and 
MPDMS as external donors. 
 
5.3.7 Polymerisations for in-depth analysis 
 
It was decided that in order to investigate the effect of different polymerisation 
conditions on the properties of polypropylene homopolymers it would be necessary to 
conduct a few specific polymerisations with the aim of obtaining polymers with different 
properties which could be related back to the microstructure, which in turn could be related to 
the polymerisation conditions. To this effect it was decided to conduct polymerisations using 
both types of electron donors (DPDMS and MPDMS) and at different external donor/catalyst 
ratios for each type of donor. The polymerisation in the absence of the external donors was 
also performed so that this larger difference in polymerisation conditions could also be used 
for comparison with the other samples. The external donor ratios used for each type of donor 
were 0, 4, 8, 16, and 40. All the reactions were conducted at 40 °C, with a hydrogen pressure 
of 20 kPa, and at a cocatalyst/catalyst ratio of 80. A number of reactions were performed at 
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each of the specified reaction conditions in order to make sure that the polymer produced was 
representative of the reactions conditions and that the reactions were repeatable. 
 
5.3.7.1 Polymerisations with DPDMS as external donor 
 
The activities of the polymerisations using DPDMS are given in Figure 5.27. A 
general decrease in activity is observed with increasing donor/catalyst ratio due to the external 
donor selectively poisoning the aspecific active sites thus lowering the number of propagation 
centers in the catalyst [27].  
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Figure 5.27 The effect of the Si : Ti on the activity of the catalyst using DPDMS as external donor. The 
activity of the polymerisation performed without external donor is given for comparison. 
 
The molar mass data are given in Figure 5.28 and the increase in molar mass with 
increasing donor/catalyst ratio is observed. The repeatability of the results is generally quite 
good and polymers are produced with significant differences in molar mass at different 
donor/catalyst ratios. The increase in molar mass at higher external donor loadings is most 
probably due to an increase in kp due to an increase in the stereoselectivity of the active sites 
with the external donor in the vicinity of the sites, as well as the possibility of a reduction in 
chain transfer reactions. Contrary to the case discussed earlier in Section 5.3.6.1 hydrogen 
was used as a chain transfer agent in these reactions and would be by far the most dominant 
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chain transfer reaction. It is therefore proposed that the increase in molar mass is related to the 
increase in kp as opposed to any significant decrease in chain transfer to hydrogen.  
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Figure 5.28 The effect of the Si : Ti on the weight average molar mass of the polymer produced using 
DPDMS as external donor. The molar mass of the polymer produced without external donor is given for 
comparison. 
 
The molar mass distribution (Figure 5.29) narrows significantly upon introduction of 
an external donor to the polymerisation, however, further increase of the external donor 
content does not produce any further reduction in polydispersity. It is believed that the initial 
decrease in polydispersity is due to the eradication of the aspecific sites producing a variety of 
material and that once these sites have been eliminated there is no further effect on the molar 
mass distribution. 
With regards to the thermal properties of the polymers the addition of an external 
donor to the polymerisation can immediately be seen on the peak melting temperatures of the 
samples (Figure 5.30). There is an immediate jump of 5 °C as soon as even a small amount of 
external donor is added to the system. Further increase of the external donor/catalyst ratio 
above 4 only results in a slight increase in peak melting temperature. The repeatability of the 
samples is quite good at all external donor loadings indicating that the same type of material 
is being produced in each reaction.  
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Figure 5.29 The effect of the Si : Ti on the polydispersity of the polymer produced using DPDMS as 
external donor. The polydispersity of the polymer produced without external donor is given for 
comparison. 
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Figure 5.30 The effect of the Si : Ti on the peak melting temperatures of the polymer produced using 
DPDMS as external donor. The melting temperature of the polymer produced without external donor is 
given for comparison. 
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The data for the crystallinities of the samples (Figure 5.31) shows similar results to the 
peak melting temperatures as one would expect. The impact of the addition of the external 
donor is readily apparent with an increase of approximately 15% in the degree of crystallinity 
compared to the samples polymerised without external donor. This implies that the 
stereospecificity of the active sites increases initially upon addition of the external donor but 
that there is little improvement in stereospecificity at higher external donor loadings. 
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Figure 5.31 The effect of the Si : Ti on the crystallinity of the polymer produced using DPDMS as external 
donor. The crystallinity of the polymer produced without external donor is given for comparison. 
 
Further increase in the external donor content does not bring any noticeable increase in the 
crystallinity of the samples. 
 
5.3.7.2 Polymerisations with MPDMS as external donor 
 
Figure 5.32 shows the effect of MDMS as external donor on the activity of the system. 
It is readily apparent that there is little effect shown by increasing the external donor loading 
on the activity of the catalyst as the values remain relatively constant.  
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Figure 5.32 The effect of the Si : Ti on the activity of the catalyst using MPDMS as external donor. The 
activity of the polymerisation performed without external donor is given for comparison. 
 
The weight average molar mass data for the MPDMS samples show the same trends as 
the DPDMS samples in that there is a gradual increase in molar mass with external 
donor/catalyst ratio. This is consistent with the increase in stereospecificity of the active sites 
leading to an increase in kp for the active sites, resulting in higher molar mass polymer being 
produced. The variation between reactions is extremely small and reveals good repeatability 
between reactions with the exception of the highest external donor/catalyst ratio where some 
difference is observed. 
The polydispersity of the polymers does not change significantly with increasing 
external donor/catalyst ratio and remains relatively constant between 7 and 8 (Figure 5.33). It 
is noted that the polydispersity of the MPDMS samples is higher than that of the DPDMS 
samples implying that DPDMS as external donor imparts a greater degree of regularity to the 
active sites than MPDMS. 
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Figure 5.33 The effect of the Si : Ti on the weight average molar mass of the polymer produced using 
MPDMS as external donor. The molar mass of the polymer produced without external donor is given for 
comparison. 
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Figure 5.34 The effect of the Si : Ti on the polydispersity of the polymer produced using MPDMS as 
external donor. The polydispersity of the polymer produced without external donor is given for 
comparison. 
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 The thermal properties of the MPDMS samples are given in Figures 5.35 and 5.36. 
There is once again a distinct increase in peak melting temperature upon addition of external 
donor and that the addition of greater amounts of external donor can produce material which 
melts at a slightly higher temperature although the increase is relatively small and is only at 
very high silane loadings. 
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Figure 5.35 The effect of the Si : Ti on the peak melting temperatures of the polymer produced using 
MPDMS as external donor. The melting temperature of the polymer produced without external donor is 
given for comparison. 
 
As far as the crystallinity of the samples is concerned the addition of external donor 
also yields a material which is considerably more crystalline than that produced without 
external donor. It is also noted that the degree of crystallinity is reduced slightly at high 
external donor/catalyst ratios. It would appear that the tacticity of the samples decreases 
slightly for the higher external donor/catalyst ratios compared to the lower ratios and that the 
higher molar mass of the polymers produced at high external donor/catalyst ratios inhibits the 
crystallisation slightly. 
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Figure 5.36 The effect of the Si : Ti on the crystallinity of the polymer produced using MPDMS as external 
donor. The crystallinity of the polymer produced without external donor is given for comparison. 
 
5.4 Conclusions 
 
A number of conclusions can be drawn from the results presented in this chapter. 
Firstly it is evident that the polymerisation conditions play a significant role in the production 
of materials with distinct differences in their composition. It is shown that there are a number 
of different ways to manipulate the composition of the polymers produced by these catalysts, 
and that therefore the microstructure of the properties can be tailored via the polymerisation 
conditions to obtain polymers with certain characteristics. The conditions can essentially be 
tailored to suit a certain application for which the material is required. 
Conclusions can also be drawn regarding the specific reaction conditions used. Pre-
treatment of the catalyst and cocatalyst prior to the introduction of monomer can be beneficial 
to the activity and properties of the polymer produced. The highest activity was obtained after 
a pre-treatment time of two minutes (for the pre-treatment with TEA only), further increase of 
the pre-treatment time leading to a drop in activity as well as the molar mass of the polymer 
produced. The crystallinity of the polymer was also affected and a significant decrease was 
observed at longer catalyst/cocatalyst contact times. 
The polymerisation temperature was also investigated and it was found that in general 
the activity increases with polymerisation temperature. This was the case for reactions at both 
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a cocatalyst/catalyst ratio of 20 and at 80. The higher level of cocatalyst in the system (Al:Ti 
= 80) brought about a drop in activity at 80 °C, most likely brought about by an over-
reduction of the titanium species occurring at a lower temperature for a higher cocatalyst 
loading in the system. The increase in polymerisation temperature also brought about a 
decrease in the molar mass of the chains produced most likely due to an increase in the 
number of propagating centres producing more, lower molar mass, polymer. The mmmm 
pentad content of the chains decreased in general up to the polymerisation temperature of 70 
°C and then increased slightly at 80 °C. The decrease is thought to be due to the extraction of 
the internal donor by the cocatalyst and the slight increase possibly due to a balance between 
this effect and the greater productivity of isospecific sites at higher temperatures. The effect of 
polymerisation temperature on the crystallinity of the samples was varied, however, the same 
trends were observed at both cocatalyst/catalyst ratios investigated indicating a link between 
the polymerisation temperature and the crystallisation ability of the material produced. 
The effect of the cocatalyst/catalyst ratio was also investigated and an increase in the 
amount of cocatalyst in the system increases the activity of the system as would be expected. 
The greater degree of activation due to the increase in cocatalyst content also brings about a 
decrease in the average molar mass of the chains, and since it is thought that there is an 
increase in the number of propagation centers, the average chain length at each centre 
decreases. This effect is enhanced by the fact that the more cocatalyst there is present in the 
system, the more internal donor is extracted, thereby lowering the stereospecificity of a 
number of active sites, thus decreasing their kp of the sites and lowering the average molar 
mass of the chains produced. Indeed the mmmm pentad sequence content of the samples 
decreases as the cocatalyst/catalyst ratio is increased as a result of the aforementioned 
extraction of internal donor. The crystallinity is also decreased with increasing 
cocatalyst/catalyst ratio and there is a good correlation between the tacticity of the polymers 
and the degree of crystallinity. 
With regards to the monomer pressure a clear increase in activity was observed with 
increasing monomer pressure as was expected. There is also an accompanying decrease in the 
molar mass of the polymer most likely due to insufficient temperature control leading to 
higher temperatures at high monomer pressures. 
The effect of various amounts of hydrogen was also investigated principally in order 
to determine the effect on the molar mass of the polymer produced. The decrease in molar 
mass with increasing hydrogen pressure was observed and it is noted that the addition of a 
small amount of hydrogen can cause a significant drop in the molar mass of the chains but 
that further decreases in molar mass come at an every increasing price in terms of hydrogen 
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pressure. A sharp increase in the degree of crystallinity of the chains was also observed upon 
increasing the hydrogen pressure, most likely due to the lower molar mass facilitating 
improved molecular motion of the chains allowing the reorganisation of the chains in order to 
crystallise more perfectly. It is also possible that the tacticity of the chains could have 
improved slightly as the hydrogen pressure was increased due to increased chain transfer to 
hydrogen after 2,1 insertions, thus forming chain ends rather than incorporating defects into 
the chains. This would have the overall effect of increasing the chains stereoregularity. 
 The type and amount of external donor introduced to the system was also investigated. 
DPDMS as external donor was investigated at different external donor/catalyst ratios and also 
at different cocatalyst/catalyst ratios. General conclusions are that the activity is higher when 
the cocatalyst concentration is higher. A decrease in activity with increasing external donor 
ratio is observed, thought to be due to the deactivation of certain sites on the catalyst by the 
external donor. Increasing the external donor/catalyst ratio brings about an initial decrease in 
molar mass which soon changes to become a drastic increase in molar mass at higher external 
donor loadings. The effect on the mmmm pentad content of increasing the external 
donor/catalyst ratio is an initial sharp increase in mmmm pentad content up to a maximum 
level, after which further increases in external donor levels bring about a slight decrease in 
tacticity. It would seem as if the number of active sites at the extremely high external 
donor/catalyst ratios is so low that defects are incorporated into the chains, allowing the 
production of high molar mass polymer and also accounting for the slight decrease in 
tacticity. The slight increase in activity observed at a certain external donor/catalyst ratio 
would appear to be due to a balance between the decrease in the number of active sites via 
coordination of external donor to the catalyst and the increase in molar mass of the polymer 
produced at the sites which are still active producing more material. 
A few reactions were also conducted with MPDMS as the external donor at different 
external donor/catalyst ratios. The catalyst containing MPDMS is a bit more active than the 
case where DPDMS was used, possibly due to the decreased steric bulk of the methyl group 
compared to the phenyl group. This has the effect that the active sites protected by the 
external donor are less hindered than those with DPDMS in the vicinity. Further evidence of 
this is the higher molar mass of the polymer produced by the catalysts containing MPDMS in 
the absence of hydrogen. The stereospecificity of the sites is, however, lower for the polymers 
made using MPDMS at least at lower external donor loadings. On the premise that the kp of 
the sites is higher for the more stereospecific sites, it would appear that the higher molar mass 
is due to less chain transfer reactions and the easier incorporation of defects such as 2,1 
insertions into the chains, allowing the chains to grow longer. The crystallinity of the 
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polymers produced using MPDMS is also slightly lower than those produced using DPDMS. 
It is noted that differences in the type and amount of the external donor clearly result in 
differences in the microstructure of the polymer produced. 
In order to relate the properties of the polypropylene homopolymer to the 
microstructure it was necessary to produced material for further analysis with distinct 
differences based on the reaction conditions. It was therefore decided to produced polymers at 
four different external donor/catalyst ratios using each of the external donors obtained as well 
as in the absence of external donor. Repeatability of the specified reactions was generally 
good and sufficient material was obtained for a more in-depth analysis and investigation of 
the structure – property relationships and correlation with polymerisation conditions. 
 For reactions in the presence of hydrogen, an increase in molar mass was observed 
upon increasing the external donor/catalyst ratio for both types of donors used. The 
polydispersity of the DPDMS samples decreased upon increasing the external donor/catalyst 
ratio while little effect was observed for the samples produced using MPDMS. The 
crystallinities of the samples increased sharply on addition of a small amount of external 
donor but further increases in external donor content did not bring any significant increase in 
crystallinity. The activity of the catalyst using MPDMS remained relatively constant while a 
general decrease in activity with increasing external donor loading was observed for the 
DPDMS samples.  
In-depth analysis of the material produced using these final reaction conditions is the 
subject of Chapter 6. 
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Chapter 6. Active sites, microstructure, and properties 
 
6.1 Introduction 
 
Chapter 4 dealt with the physical removal of fractions, ascertaining the differences in 
properties that exist if different fractions are removed from the material, while Chapter 5 
examined the differences that exist in the microstructure of the polymer produced at different 
reaction conditions. The main focus of the current chapter will be to attempt to bring all the 
data together by relating the polymerisation conditions of a few specific reactions to the 
microstructure of the chains produced, and this in turn with the physical properties of the 
polymers. 
The physical properties of polypropylene are influenced by a number of factors. 
Probably the most influential property of polypropylene on the physical properties is the 
degree of crystallinity of the sample in question. An increase in crystallinity is often related to 
an increase in properties such as the stiffness or modulus of a sample while other factors such 
as the impact strength generally decrease with increasing crystallinity. Molar mass also plays 
an important role both in determining the degree of crystallinity, crystallisation rate, and also 
the physical properties themselves [1]. The molar mass has also been shown to influence the 
Tg of polymers with higher molar mass samples having a higher Tg [2]. This in turn influences 
the mobility of chains at room temperature, and since polypropylene has a glass transition 
temperature range in the region of 0 °C, variations in the temperature range of the Tg can have 
an effect on the ability of the material to displace energy at low temperatures. The tacticity of 
polypropylene samples is also important for the physical properties. Generally polymers of 
higher tacticity show an improvement in crystallinity and form stiffer materials [3]. The regio- 
and stereo-regularity can also influence the crystal phase of the polymer and, since the 
different phases have slightly different properties, changes in the relative content of each 
phase can change the overall properties of the polymer. 
The polymerisation conditions determine the molar mass, molar mass distribution, and 
overall tacticity of the polymer chains produced. The conditions are thus vitally important and 
knowledge of which conditions yield which properties is critical in being able to pre-
determine the types of chains which would be produced in a given reaction. The molar mass is 
generally controlled by the amount of hydrogen present in the system and this has proven to 
be an excellent way in which to tailor the molar mass of polymers. The electron donors 
introduced to a system on the other hand are mainly responsible for the improvement of the 
stereospecificity of the active sites thus improving the tacticity of the samples and limiting the 
amount of atactic polymer produced. It should be noted, however, that upon increasing the 
stereospecificity of the active sites there is a concurrent increase in the kp of the sites [4] and 
generally a reduction in chain transfer to monomer (in the absence of hydrogen), and so the 
electron donors can also influence the molar mass and molar mass distribution of the polymer 
as well [5-7]. The electron donors present at a given active site also influence the 
regioselectivity of the sites which can have a significant influence on the molar mass and 
molar mass distribution via the high probability of chain transfer to hydrogen after a 2,1 
insertion [8]. The stereo- and regio-selectivity can also influence the hydrogen activating 
effect which is also essentially due to the increased chain transfer and the elimination of semi-
dormant sites after a secondary coordination of a monomer unit [9]. 
The nature of the active sites therefore plays an important role in determining the 
microstructure of the chains produced by a catalyst. The electron donors are the main factors 
governing the type of active sites present in a given catalyst system. It should be noted, 
however, that highly stereospecific active sites are present even in the absence of electron 
donors [10] and active site models involving the formation of a bimetallic complex have been 
proposed to account for this effect since the cocatalyst is observed to have an influence on the 
stereospecificity [11].  
A three site model was proposed by Busico et al. [12] to account for the presence in 
the same chains of highly isotactic material as well as poorly isotactic material [13], 
essentially forming stereo-blocks in the same chain. 
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Figure 6.1 An adaptation of the three sites model as proposed by Busico et al. [12, 14]. 
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The three sites in the model have the ability to produce highly isotactic chains (site A), poorly 
isotactic chains (site B), and syndiotactic or atactic chains (site C). The ligands in the L1 or 
L2 positions can be electron donors, aluminium-alkyls, or chlorine atoms. Active site C can 
produce syndiotactic material if chain end control predominates during the polymerisation 
since there is a lack of steric hindrance at the active site. Active site A on the other hand 
produces highly isotactic material when ligands are coordinated to both positions, while active 
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site B is mainly responsible for the production of poorly isotactic material. The type of 
material produced at this site could be strongly dependant on the nature of the ligand in the L2 
position. 
The degree to which the ligands are labile plays an important role in the 
stereoregulating ability of the sites. The fast switching (within the lifetime of a growing chain) 
between the sites is thought to account for the presence of highly isotactic and syndiotactic 
segments in the same chain. This emphasises the importance of the equilibria which are 
present during a polymerisation as discussed in Section 2.2.2.8. It is clear, based on the three 
sites model, that extraction of the internal donor for example would change the nature of the 
site completely. There are of course a number of different permutations of the sites depending 
on which ligands are coordinated in the vicinity of the sites and therefore the actual number of 
sites in any given Ziegler-Natta catalyst is usually more than three. Modified three-sites 
models have been proposed to account for the variations [15, 16], however, the three sites 
model serves as an excellent generalisation. 
The polymerisations conducted in order to obtain polymers for further analysis 
involved variation of the amount of external donor as well as the type of external donor. This 
would in turn affect the amounts of each of the three sites present in the catalyst. The largest 
difference in properties is expected for the sample produced without external donor as the 
extraction of the internal donor would proceed unhindered.  
 
6.2 Experimental 
 
6.2.1 Polymer characterisation 
 
The CRYSTAF, 13C NMR, DSC, and HT-GPC data of the samples were obtained 
according to procedures described in Chapter 3 (Section 3.2.2 and Sections 3.3.1-3.3.3). 
 
6.2.2 TREF characterisation 
 
The general TREF procedure is described in Chapter 3 (Section 3.2.1).  
 
6.2.3 Mechanical properties 
 
The standard compression DMA data and microhardness data of the samples were 
obtained according to procedures described in Chapter 3 (Sections 3.4.2 and 3.4.3). 
 
6.2.4 Molar mass distribution deconvolution 
 
The deconvolution of molar mass data has become a standard tool for researchers in 
order that quantification of the different active sites in a polymerisation can be performed. 
Essentially the procedure involves the deconvolution of the molar mass distribution into a 
number of constituent Flory distributions [17] (equation 1), each of which have an Mw/Mn 
value of 2. This can be done since a single Flory distribution can describe the molar mass 
distribution of the polymer produced using single-site metallocene catalysts. The method 
involves the use of the instantaneous chain length distributions: 
 
)exp()( 2 ττ rrrw −=       (1) 
 
where w(r) is the weight chain length distribution for all polymer chains of length r, and τ is 
the ratio of all chain transfer rates to the propagation rate. The instantaneous chain length 
distribution of the polymer as a whole is obtained by averaging the distributions of each 
individual site type [18] as shown in equation 2: 
 
         (2) ∑
=
=
n
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where is the instantaneous weight chain length distribution of the whole polymer 
produced by n site types. Then m(j) is the mass fraction of polymer made by site type j. The 
procedure is discussed in detail in the literature and the reader is directed here for a more in-
depth discussion on the subject [18-22]. The method developed by Soares and Hamielec [18] 
was used during this study. 
)(ˆ rW
 
6.3 Results and Discussion 
 
The general characterisation of the materials will be discussed first, followed by 
fractionation analysis by CRYSTAF and TREF, and finally the deconvolution of the HT-GPC 
data and physical properties of the samples. The polymerisation conditions were noted in 
Chapter 5 (Section 5.3.7). 
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6.3.1 Polymer microstructure 
 
Table 6.1 comprises of a data summary for all the samples used in this section of the work. 
 
Table 6.1 A data summary of all samples with varying donor types and loadings 
Sample Code Si:Ti Activity (kg PP/gTi.h) Tm (°C) Crystallinity (%) d Mw (g/mol) PD mmmm (%) e
DP-1 a 40 2.86 162.66 64.83 321000 4.9 96.11
DP-2 a 16 2.95 162.80 63.73 288000 5.0 94.78
DP-3 a 8 3.90 160.99 73.30 246000 5.2 95.13
DP-4 a 4 4.40 161.27 74.64 226000 5.9 94.56
No ED c 0 4.46 157.08 54.21 158000 7.5 83.84
MP-1 b 40 4.87 161.44 66.12 262000 6.5 96.00
MP-2 b 16 4.64 159.30 66.75 192000 8.8 95.44
MP-3 b 8 4.47 159.35 74.80 182000 8.7 93.72
MP-4 b 4 4.87 159.49 69.04 183000 8.5 94.57  
a = polymerisations conducted using DPDMS as external donor 
b = polymerisations conducted using MPDMS as external donor 
c = polymerisation conducted with no external donor present 
d = crystallinity (%) as determined by DSC from the melting enthalpy 
e = pentad sequence content as determined by 13C NMR 
 
Each aspect of the samples is discussed individually in the following sections. It is noted, 
however, that as far as the activity of the individually systems are concerned (Figure 6.2), 
increasing the external donor/catalyst ratio for the polymers made using MPDMS as external 
donor does not appear to yield any significant change in the activity. Using DPDMS on the 
other hand results in a decrease in activity as the external donor/catalyst ratio is increased. 
This implies that either the DPDMS is more effective at deactivating certain active sites or 
that there is the possibility that the kp of the active sites that remain is not as high as when the 
MPDMS is present in the system. It is thought that the overriding factor is more likely the 
more effective blocking of certain sites than a lower kp since the average mmmm pentad 
sequence contents are generally very similar using both types of donors and also the molar 
mass of the polymers produced using DPDMS is generally higher than that of the polymers 
produced using MPDMS. Garoff et al. [5] also found a decrease in activity at high external 
donor/catalyst ratios using dicyclopentyldimethoxysilane (DCPDMS) as external donor 
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Figure 6.2 The effect of the Si : Ti on the activity of the catalyst. 
 
6.3.1.1 Molar mass distributions 
 
The molar mass distributions for the samples produced using DPDMS as external 
donor, as well as the sample without external donor, are given in Figure 6.3. There is a clear 
shift in the distribution to higher molar masses as the external donor/catalyst ratio is 
increased. The broadness of the distribution remains relatively similar, narrowing slightly for 
the highest external donor/catalyst ratio. Since it is believed that the number of propagating 
centers decreases upon increasing the external donor levels in the system, due to deactivation 
of certain active sites in the system such as the aspecific sites, it is also thought that the 
increase in molar mass is primarily due to an increase in the kp of the active sites as the 
isospecificity of the sites increases. Chadwick et al. [7, 23] have demonstrated that different 
external donors affect the molar mass of the polymer produced and that active sites with 
higher stereoregulating ability produced higher molar mass polymers. Active sites formed 
using certain external donors, yielded sites characterised by a lower hydrogen response, and 
thus higher molar mass polymers were formed at these sites. It would therefore seem that the 
higher molar masses obtained at higher external donor/catalyst ratios are indeed the result of 
increased stereospecificity of the active sites. Kouzai et al. [24] have demonstrated that at low 
titanium loadings on the catalyst the hydrogen is not effective as a chain transfer agent for 
aspecific sites due to the absence of hydrogen dissociation sites near isolated titanium species. 
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Hydrogen was still an effective transfer agent for the isospecific sites irrespective of titanium 
content of the catalyst. The possibility therefore exists that the high external donor/catalyst 
ratios also result in blocking some of the hydrogen dissociation sites in the vicinity of the 
propagating centres thereby allowing the production of chains of increased molar mass 
although an independent study would be required to ascertain if this was indeed the case.  
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Figure 6.3 The molar mass distribution of the polymers synthesised using DPDMS as external donor. The 
distribution for the sample prepared without external donor is also given for comparison. 
 
The molar mass distributions of the samples prepared using MPDMS as external 
donor, as well as the sample prepared without external donor, are presented in Figure 6.4. A 
slight shift is observed to higher molar masses upon addition of a small amount of external 
donor, however, the molar mass of the polymers then remains relatively similar (although a 
small increase is observed) until the external donor/catalyst ratio reaches 40 where a 
significant increase is again observed. It is noted that there are actually more, lower molar 
mass chains produced when the external donor is present than when the external donor is 
absent but that at the same time there are significantly more higher molar mass chains 
produced when the external donor is present. The distribution is definitely broader for the 
samples containing external donor with the exception of the sample produced at an external 
donor/catalyst ratio of 40 which shows a distinctly narrower distribution. Comparisons 
between the samples with respect to the molar mass and polydispersity are given in Figures 
6.5 and 6.6. 
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Figure 6.4 The molar mass distribution of the polymers synthesised using MPDMS as external donor. The 
distribution for the sample prepared without external donor is also given for comparison. 
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Figure 6.5 The effect of the Si : Ti on the weight average molar mass of the polymers. 
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If one were too discuss the different donors in terms of how labile the donor is, it would 
appear as if the MPDMS donor is definitely the more labile of the two as indicated by the 
higher polydispersity and lower molar mass of the polymers produced using this donor 
compared to the samples prepared using DPDMS. In terms of Busico’s three site model 
discussed earlier it would therefore appear as if using DPDMS as external donor results in 
more stable active sites and less reversible coordination of the donor to the site, meaning that 
the site exists in a more stereospecific form for more of the time. MPDMS seems to be more 
labile and therefore there is more of the reversible coordination of the donor to the site and so 
the molar mass is lower and the polydispersity higher due to more variation in the nature of 
the sites. The bulkiness of the two phenyl groups on the silane definitely seems to be better as 
compared to the methyl and phenyl groups on the silane in terms of active site stability. 
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Figure 6.6 The effect of the Si : Ti on the polydispersity of the polymers. 
 
6.3.1.2 13C NMR analysis 
 
A summary of the pentad sequence distribution is given in Table 6.2. It is apparent 
that the external donor has a significant effect on the microstructure of the chains formed. It 
should be noted at this stage that these are essentially average values over the entire sample. 
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Table 6.2 A data summary of all the 13C NMR data for the polymers 
Sample Code Si : Ti mmmm  (%) mmmr  (%) rmmr  (%) mmrr  (%) mmrm  + rrmr  (%) rmrm  (%) rrrm  + rrrr (%) mrrm  (%)
DP-1 40 96.11 1.40 0.18 1.07 0.52 0.00 0.62 0.29
DP-2 16 94.78 1.30 0.16 1.30 1.00 0.07 0.71 0.66
DP-3 8 95.13 1.78 0.00 1.47 0.67 0.00 0.75 0.47
DP-4 4 94.56 1.72 0.12 1.47 0.72 0.00 0.93 0.49
No ED 0 83.84 4.15 0.49 4.03 1.89 0.31 3.37 1.93
MP-1 40 96.00 1.59 0.00 1.28 0.45 0.00 0.38 0.51
MP-2 16 95.44 1.65 0.43 1.31 0.52 0.00 0.56 0.28
MP-3 8 93.72 2.18 0.53 1.38 0.41 0.14 1.08 0.55
MP-4 4 94.57 1.92 0.38 1.19 0.33 0.00 1.17 0.56  
 
Figure 6.7 illustrates the distribution in pentad sequences for the samples prepared using 
DPDMS as well as the sample prepared without external donor for comparison. The sharp 
increase in mmmm pentad content is clear once even a small amount of external donor is 
added to the system. Further increase in the amount of external donor added does not bring 
about any significant increase in the mmmm pentad content.  
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Figure 6.7 The microstructure distribution for the samples produced using DPDMS as well as the sample 
polymerised without external electron donor. 
 
It is noted, however, that the rrrm and rrrr sequence content decreases constantly with 
increasing external donor/catalyst ratio, indicating that increasing the amount of external 
donor present does inhibit the production of syndiotactic material produced via chain end 
control to a certain extent, even if there is no significant increase in mmmm pentad content.  
 165
Figure 6.8 illustrates the pentad sequence distribution for the samples produced using 
MPDMS. Once again the increase in mmmm pentad content is evident upon addition of a 
small amount of external donor and that further increase in the external donor/catalyst ratio 
does not improve the mmmm pentad content significantly.  
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Figure 6.8 The microstructure distribution for the samples produced using MPDMS as well as the sample 
polymerised without external electron donor. 
 
The same constant decrease in the rrrm and rrrr pentad contents is observed for the samples 
produced using MPDMS indicating less syndiotactic material production at higher external 
donor loadings. It appears that increasing the external donor/catalyst ratio essentially 
systematically removes active site C in terms of Busico’s model. A comparison of the mmmm 
pentad content of all samples is given in Figure 6.9. The values obtained are similar for both 
external donor types with the values being practically identical at external donor/catalyst 
ratios of 4 and 40, while at a ratio of 8 there is a drop in the stereospecificity of the sample 
produced using DPDMS to a level below that of the sample produced using MPDMS with the 
opposite occurring at a ratio of 16.  
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Figure 6.9 The effect of the Si : Ti on the tacticity of the polymers. 
 
It is important to note that despite the indication from the GPC data that MPDMS is more 
labile than the DPDMS the average mmmm pentad sequence contents are very similar, 
indicating the presence of active sites of similar stereoregulating ability on the catalyst for 
each donor type. 
 
6.3.2 Thermal properties 
 
The thermal properties of all the samples are given in Table 6.3.  
 
Table 6.3 The DSC results for all samples 
Sample Code Si:Ti Tm (°C) Tm onset (°C) Tc (°C) Tc onset (°C) Crystallinity (%)
DP-1 40 162.7 158.6 120.1 123.9 64.8
DP-2 16 162.8 158.4 120.9 124.6 63.7
DP-3 8 161.0 157.2 119.6 123.3 73.3
DP-4 4 161.3 157.4 121.1 124.5 74.6
No ED 0 157.1 151.5 119.7 122.8 54.2
MP-1 40 161.4 157.9 120.6 124.1 66.1
MP-2 16 159.3 155.8 120.7 123.9 66.7
MP-3 8 159.4 154.6 120.7 124.1 74.8
MP-4 4 159.5 155.8 121.9 124.9 69.0
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Figures 6.10 and 6.11 show the crystallisation and melting curves respectively for the samples 
produced using DPDMS as well as the sample produced without external donor. 
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Figure 6.10 A comparison of the crystallisation exotherms of the samples produced using DPDMS as well 
as the sample without external donor. 
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Figure 6.11 A comparison of the melting endotherms of the samples produced using DPDMS as well as the 
sample without external donor. 
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The onset of crystallisation is lowest for the sample prepared without external donor as would 
be expected due to the lower mmmm pentad content of the chains. The melting endotherm for 
this sample also occurs at significantly lower temperatures than the samples prepared with an 
external donor and the sample exhibits a clear bimodality in terms of the melting profile 
indicating that although there are still some crystals present which melt at the same 
temperatures as the samples prepared with external donors, the majority of the lamellae melt 
at lower temperatures and are as such less perfect and generally thinner.  
It is interesting to note that the sample with the highest onset of crystallisation 
temperature is the sample with an external donor/catalyst ratio of 4, and that this sample also 
has the highest crystallisation temperature of the samples prepared using DPDMS. The onset 
of crystallisation occurs at lower temperatures for the various external donor/catalyst ratios in 
the following order: 4, 16, 40, 8. The ratio of 8 appears to crystallise noticeably lower than 
where it is expected in terms of the series of samples at increasing external donor loadings. It 
is also interesting to note that the general order of the onset of crystallisation is that the 
samples with lower external donor/catalyst ratios crystallise out first and that the higher the 
ratio the lower the onset of crystallisation. This would seem to be related to the molar mass of 
the polymers since the mmmm pentad sequence content of the samples are similar, however, 
the molar mass of the samples decreases for the external donor/catalyst ratios in the order 40, 
16, 8, 4. Therefore it is the lower molar mass of the sample at similar mmmm pentad contents 
which enables the crystallisation of the chains at higher temperatures. The molar mass effect 
on crystallisation of iPP was studied by De Rosa et al. [25] who demonstrated faster 
crystallisation for samples of lower molar mass. Similar results were obtained by Ibhadon 
[26]. What is also interesting is that the higher crystallisation temperature of a sample does 
not necessarily result in higher melting temperatures. Figure 6.11 illustrates that the samples 
produced at an external donor/catalyst ratio of 4 and 8 melt at similar temperatures but that 
the samples produced at the higher ratios of 16 and 40 melt at distinctly higher temperatures.  
 The crystallisation and melting curves of the samples produced with MPDMS as 
external donor as well as the sample produced without external donor are given in Figures 
6.12 and 6.13. The crystallisation and melting of the samples prepared with external donor are 
higher than the sample prepared without external donor as expected. It is interesting to note 
that the crystallisation of the samples with external donor/catalyst ratios of 8, 16, and 40 are 
very similar, and that as was the case with the samples produced with DPDMS the sample 
with an external donor/catalyst ratio of 4 crystallises out at the highest temperature. The 
melting curves also show important differences between the samples and it is once again the 
sample produced at a high external donor/catalyst ratio (40) which melts at the highest 
temperature (Figure 6.13). 
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Figure 6.12 A comparison of the crystallisation exotherms of the samples produced using MPDMS as well 
as the sample without external donor. 
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Figure 6.13 A comparison of the melting endotherms of the samples produced using MPDMS as well as 
the sample without external donor. 
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The rest of the samples show very similar melting characteristics. The materials clearly 
contain small differences which play an important role in determining the properties of the 
polymers. Since the mmmm pentad contents of the samples are similar it is once again thought 
that the molar mass of the samples is critical in determining the crystallisation and melting of 
the samples. The higher molar mass of sample MP-1 appearing to results in the formation of 
crystals which melt at high temperatures. Samples DP-1 and DP-2 also show significant 
increases in molar mass compared to the other samples in that series and so it would definitely 
seem as if the molar mass plays a very important role on the melting properties of the 
polymers. 
Figure 6.14 illustrates the comparison of the crystallisation temperature for the 
samples. Generally speaking the samples produced using MPDMS crystallise at higher 
temperatures than the samples produced using DPDMS with the exception of the case where 
the external donor/catalyst ratio is 16. 
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Figure 6.14 A comparison of the peak crystallisation temperatures of the samples. 
 
The differences are more than likely due to the lower molar mass and broader molar mass 
distribution of the samples produced using MPDMS. The slightly higher crystallisation 
temperature of sample DP-2 as compared to MP-2 is possibly related to the slightly higher 
mmmm pentad content of the DP-2 sample compared to the MP-2 sample. The noticeably low 
crystallisation temperature for sample DP-3 is also more than likely linked to the lower 
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mmmm pentad content of this sample as well superimposed on the effect of the higher molar 
mass. 
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Figure 6.15 A comparison of the peak melting points of the samples. 
 
An examination of the melting points for the two types of donor used (Figure 6.15) 
reveal that the samples produced using DPDMS as external donor clearly have a higher peak 
melting temperature. The main reason is due to the ability of the chains present in each 
sample to crystallise as lamellae of increased thickness. The samples produced with DPDMS 
have in general a higher molar mass and narrower molar mass distribution and it thus appears 
as if these factors result in thicker lamellae being formed. The crystallinities of the samples 
are compared in Figure 6.16 and it is evident that the trends observed for both external donors 
are the same. It is interesting to note that, with the exception of the external donor/catalyst 
ratio of 4, the samples produced with MPDMS as external donor are slightly more crystalline 
than the samples produced using DPDMS. This is thought to be mainly due to the lower 
molar mass of the samples. The decrease in crystallinity for the higher external donor/catalyst 
ratios is also thought to be linked to the higher molar mass of the samples. The case where the 
external donor/catalyst ratio is 4 is interesting in that the two samples have identical tacticity 
and the molar mass of the DP-4 sample is higher than that of the MP-4 sample. 
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Figure 6.16 A comparison of the degree of crystallinity of the samples. 
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Figure 6.17 The differences in the weight average lamellar thickness between the samples produced at 
different Si:Ti. 
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Analysis of the average lamellar thickness of the samples (Figure 6.17) indicates a link 
to the crystallisation temperatures and the mmmm pentad content at least in the case of the 
samples produced using DPDMS. The case for the samples produced using MPDMS is less 
clear although in general for all samples there is an increase in lamellar thickness with 
increasing external donor/catalyst ratio. This could possibly be related to increased molar 
mass as well as increased mmmm pentad content. The higher molar masses seem to result in 
slower crystallisation, and thus the formation of thicker lamellae. Flores et al. [27] have 
demonstrated an increase in lamellar thickness with increasing molar mass of the polymers 
which is the same trend observed in this study. 
 
6.3.3 CRYSTAF analysis 
 
Figure 6.18 presents the CRYSTAF curves for the samples produced using DPDMS as 
well as the sample produced without external donor. The bimodality of the No ED sample is 
again evident as it was in the melting endotherms discussed earlier. The effect of adding even 
a small amount of external donor is immediately apparent since the bimodality disappears 
immediately.  
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Figure 6.18 A comparison of the CRYSTAF distribution curves of the samples produced using DPDMS as 
well as the sample without external donor. 
 
The differences observed between the crystallisation of the samples are interesting if 
one compares the CRYSTAF data to the DSC data. Whereas in the case of the crystallisation 
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in the solid state, the first sample to begin crystallising was DP-4 followed by DP-2, DP-1, 
DP-3 and finally as expected the No ED sample, the case in solution appears to be somewhat 
different as far as the order is concerned. The sample which crystallises out first at high 
temperature is the DP-1 sample, followed by DP-2, DP-3, and DP-4. This is interesting in that 
there is almost a direct reversal of the trends observed for crystallisation in the solid state. It is 
evident that the samples crystallise out of solution in the order of decreasing external 
donor/catalyst ratio with the higher donor/catalyst ratios crystallising out of solution at higher 
temperatures. It is noted that sample DP-3 (with an external donor/catalyst ratio of 8) has a 
particularly narrow distribution of molecular species relative to the other samples in the 
series. The largest difference between the samples is the molar mass and so it would appear 
that the molar mass plays an important role in crystallisation from solution, with the longer 
chains crystallising out of solution first. 
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Figure 6.19 A comparison of the CRYSTAF distribution curves of the samples produced using MPDMS as 
well as the sample without external donor. 
 
An examination of the CRYSTAF data for the samples produced with MPDMS as 
external donor reveals the same trend (Figure 6.19). The higher the external donor/catalyst 
ratio, the higher the temperature of the onset of crystallisation from solution. It is  also noted 
that the crystallisation temperatures from solution are slightly lower for the samples produced 
using MPDMS as compared to the samples produced using DPDMS, with the MP-4 sample 
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for example crystallising out of solution at a lower temperature than the No ED sample. The 
slightly higher crystallisation temperatures for the DPDMS samples are possibly due to the 
presence of longer isotactic sequences. Sample MP-3 (with an external donor/catalyst ratio of 
8) also shows a relatively narrow distribution of molecular species compared to the other 
samples in the MPDMS series, indicating that the distribution of molecular species at this 
external donor/catalyst ratio is narrower irrespective of external donor type. 
 
6.3.4 TREF analysis 
 
All samples were fractionated by preparative TREF technique and the fractions 
analysed. The majority of the material constituting the No ED sample clearly elutes at lower 
temperatures than the samples prepared using DPDMS as external donor. The major fractions 
of this sample being those at 110 °C and 115 °C while the major fractions for the DPDMS 
samples are at 115 °C and 120 °C.  
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Figure 6.20 The distribution of TREF fractions for the samples produced using DPDMS as well as the 
sample without external donor for comparison. 
 
What is also interesting is that the lower temperature fractions, containing chains produced by 
less stereospecific active sites (site B according to Busico’s model) since the chains can only 
crystallise out of solution at lower temperatures, vary in their content relative to the amount of 
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external donor in the system. The higher the external donor/catalyst ratio the lower the 
amount of material produced which elutes in these fractions. This trend is evident for the 80, 
100, 105, and 110 °C fractions. As demonstrated in Chapter 4 these fractions are of 
paramount importance in determining the physical properties of the polymers since the 
removal of these fractions drastically affects the properties. However, the difference in this 
case is that although there is less material being produced in these fractions there is more 
material produced which elutes in the higher temperature fractions due to the conversion of 
the type of active site from site type B to site type A. The opposite trend is observed for the 
140 °C fraction as one would expect with the higher external donor/catalyst ratios producing 
more material eluting in this fraction. Similar trends are observed for the 115 °C and 120 °C 
fractions with regards to the samples containing external donor. For the 115 °C fraction there 
is more material present in the fraction, the lower the external donor/catalyst ratio, with the 
exception of the DP-2 sample which appears to have more material in this fraction than would 
be expected. This demonstrates that increasing the external donor/catalyst ratio has an effect 
on the higher temperature fractions as well. The same but reversed trend is evident in the 120 
°C fraction. The higher the external donor/catalyst ratio the larger the portion of material 
eluting in this fraction with once again the exception of the DP-2 sample where less material 
is eluted than expected since more of the material has eluted in the preceding 115 °C fraction.  
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Figure 6.21 The distribution of TREF fractions for the samples produced using MPDMS as well as the 
sample without external donor for comparison. 
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It appears as if the majority of the material produced by the converted active sites elutes in the 
120 °C and 140 °C fractions.  
The fraction content for the samples produced using MPDMS are slightly different 
with regards to the amount of material eluting in each fraction (Figure 6.21). Firstly the major 
fractions appear to be the 110, 115, and 120 °C fraction with the 115 °C fraction being the 
more dominant one for most of the samples. It appears in general that the material is more 
broadly distributed over the fractions for these samples. The trend observed in the CRYSTAF 
analysis was that the onset of crystallisation temperature was higher for the higher molar mass 
polymers when crystallising out of solution. This is a possible reason for the slight shift in the 
major elution temperatures to lower temperatures for the MPDMS samples since they have 
lower molar mass than the samples produced using DPDMS. Secondly the trends observed for 
the DPDMS samples are not as clear for the samples produced using MPDMS. There would 
appear to be trends in the major fractions since for the 110, 115, and 120 °C fractions the 
higher the external donor/catalyst ratio, the higher the amount of material being eluted in each 
of these fractions. This means that the converted active sites produce material which elutes in 
these fractions since increasing the external donor/catalyst ratio increases the proportion of 
these sites. This also indicates that despite the presence of the external donor in the vicinity of 
the active sites the material produced by the sites does not elute at as high a temperature as the 
material produced using DPDMS as external donor. A notable exception is the 115 °C 
fractions where less material than expected is eluted for sample MP-1, and also the 120 °C 
fraction where more of sample MP-4 is eluted than would be expected relative to the other 
samples in the series. In general the lower temperature fractions contribute less to the overall 
sample the higher the external donor/catalyst ratio although the effect is not as clear cut as in 
the case of the DPDMS samples. Sample MP-4 elutes at a higher temperature than would be 
expected, however, one should take note of the fact that this sample did start crystallising at 
the highest temperature during DSC analysis indicating a more solid-state-like crystallisation 
mechanism than from solution although there is the possibility that the high elution 
temperatures is due to a very high tacticity in the fractions crystallising out of solution first. 
Comparing the DPDMS and MPDMS samples overall it would appear that the 
DPDMS as external donor exerts more control over a wider range of active sites since it 
demonstrates better control over the material eluting over a wider range of elution 
temperatures, with especially good control over the active sites producing poorly isotactic 
material eluting in the middle range of elution temperatures. It would also seem as if MPDMS 
as external donor exerts a positive influence over a broader range of active sites with regards 
to the sites producing significant quantities of material eluting at high temperatures. This 
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would be due to the fact that it MPDMS as external donor enhances the production of material 
which elutes at 110, 115, and 120 °C, as opposed to the enhancement of only the 120 °C 
fraction for the DPDMS samples (as well as for the 140 °C fraction, however, there is little 
material eluting in these fractions). It would appear as if the active sites affected by the 
MPDMS produce material with a broader distribution of molecular species than the sites 
affected by the DPDMS donor. The DPDMS would definitely seem to have the stronger 
influence on the sites. There are definitely interesting differences between the samples and so 
further analysis was performed on the fractions of each sample. 
 
6.3.4.1 Microstructure of TREF fractions 
 
The molar mass data for all of the fractions for samples DP-1, DP-2, DP-3, DP-4 and 
No ED are given in Figure 6.22. The overall picture is that there is initially a very small 
increase in the molar mass of the fractions at low temperature and that after the 100 °C 
fraction the molar mass increases dramatically for the remaining fractions. As observed and 
discussed in Chapter 4 there is a slight decrease in molar mass for the highest temperature 
fractions. The trends observed follow the observations of a number of researchers [4, 7, 23] 
that the highly stereospecific active sites also produced high molar mass material due to an 
increase in kp and decrease in transfer reactions. The overall trend in molar mass for the bulk 
samples increases in the following order No ED, DP-4, DP-3, DP-2, and finally DP-1. In 
general the fractions seem to follow the same trends, however, it is interesting to note that 
sample DP-1’s fractions for example, have the highest molar mass for the high temperature 
fractions, however, the lower temperature fractions molar masses are not the highest. The No 
ED sample’s fractions have relatively high molar masses for the low temperature fractions 
compared to the other samples in the series. In fact the No ED sample has by far the highest 
molar mass for the fractions at 80 °C, 105 °C, and 110 °C. Since these fractions are deemed 
extremely important for the properties of the material and the molar mass was observed to 
have an affect on the modulus of the samples as investigated in Chapter 4 it is believed that 
the molar mass of these fractions is also possibly an important factor affecting the properties. 
One can therefore already observe the effect of the external donor on the type of material 
produced by the various sites. The external donor affects the sites producing chains which 
elute at low temperatures as well as the sites which produce chains eluting at higher 
temperatures.  
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Figure 6.22 The weight average molar mass averages data for the TREF fractions of the samples produced 
using DPDMS as well as the sample without external donor. 
 
In terms of the polydispersity of the fractions, the fractions eluting at lower 
temperatures have a rather broad distribution while those fractions eluting at higher 
temperatures show a narrower distribution of molar mass. The minimum of the polydispersity 
is observed for the 105 °C fraction for all samples in the series. It is also observed that over 
the region of the greatest increase in molar mass, namely the 105 -115 °C fractions there is a 
slight broadening of the molar mass distribution, after which the polydispersity remains 
relatively constant. A sharp decrease in molar mass is also observed between the 80 °C 
fraction and the 100 °C fraction for all external donor/catalyst ratios. The same significant 
drop in polydispersity occurs between the 60 and 80 °C fractions for the No ED sample. The 
molar mass of the 80 °C and 100 °C fractions does not differ significantly therefore it would 
appear as if the 100 °C fraction is the first fraction where a certain type of active sites chains 
are no longer eluted and that either the number of sites contributing to the fractions decreases 
or that the nature of the sites changes in terms of molar mass distribution of the polymer 
produced. 
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Figure 6.23 The polydispersity values for the TREF fractions of the samples produced using DPDMS as 
well as the sample without external donor. 
 
The molar mass data for the samples produced with MPDMS (Figure 6.24) show a 
very similar trend to those discussed previously for the sample produced with DPDMS. The 
molar mass remains relatively constant for the lower temperature fractions while after the 100 
°C fraction there is a sharp increase in molar mass of the fractions. Once again the molar 
masses of the lower temperature fractions of the samples produced using an external donor 
are relatively low compared to the molar mass of the fractions of the No ED sample, with the 
No ED sample’s fractions at 60, 80, 100, 105, and 110 °C having the highest molar mass 
relative to the MPDMS samples’ fractions. Once again the external donor clearly affects the 
fractions eluting at lower temperatures as well as those eluting at higher temperatures. The 
highest molar mass in the higher temperature fractions belongs to the MP-1 sample with the 
highest external donor/catalyst ratio. This is consistent with the overall molar mass of the 
samples in that overall the MP-1 sample has significantly higher molar mass than the other 
samples in the series. The familiar drop in weight average molar mass for the final two 
fractions is observed. 
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Figure 6.24 The weight average molar mass averages data for the TREF fractions of the samples produced 
using MPDMS as well as the sample without external donor. 
 
Figure 6.25 illustrates the polydispersity of the TREF fractions for the samples 
produced using MPDMS.   
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Figure 6.25 The polydispersity values for the TREF fractions of the samples produced using MPDMS as 
well as the sample without external donor. 
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 Similarly to the case with the DPDMS samples there is a minimum in the polydispersity of 
the fractions which also occurs at the 105 °C fraction. A similar slight broadening of the 
distribution is also observed for the fractions showing the sharp increase in molar mass, 
namely the 105, 110, and 115 °C fractions. There is also a similar decrease in the 
polydispersity of the fractions as one increases the elution temperature from 60 °C and 80 °C 
to 100 °C. This is further evidence that specific types of sites are no longer contributing to the 
composition of the fractions eluting at 100 °C and higher. 
The mmmm pentad sequence content of selected fractions of the samples produced 
with DPDMS as well as the No ED sample are given in Figure 6.26. The major fractions of 
the No ED sample elute at slightly lower temperatures hence slightly lower temperature 
fractions were analysed by 13C NMR. It is interesting to note that highly isotactic material is 
produced even in the absence of an external electron donor, with the 115 °C fraction of the No 
ED sample containing material with a mmmm pentad content of 97%.  
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Figure 6.26 The percentage of mmmm sequences for selected TREF fractions of the samples produced 
using DPDMS as well as the sample without external donor. 
 
It is also interesting to note that the fractions of the sample with the highest external 
donor/catalyst ratio contain chains which on average are slightly less stereoregular than the 
same fractions of samples produced at lower external donor/catalyst ratios. It is also observed 
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that the addition of a small amount of external donor (sample DP-4) appears to result in the 
highest stereoregularity of the highest temperature fractions. This is possibly the reason why 
the sample has the highest onset of crystallisation temperature as observed for the DSC data. 
In general one can say that the higher the TREF fractionation temperature the higher the 
mmmm pentad sequence content up to a limiting value for each sample. 
The mmmm pentad sequence content for selected fractions of the samples produced 
using MPDMS are given in Figure 6.27. In general the same trends are observed in that the 
higher TREF fractions contain chains with a higher mmmm pentad content as expected since 
TREF fractionates polymers on their ability to crystallise [28] and a higher mmmm pentad 
content enables easier crystallisation although the molar mass plays a significant role as shall 
be discussed shortly.  
 
80
82
84
86
88
90
92
94
96
98
100
95 100 105 110 115 120 125
Te (°C)
m
m
m
m
 (%
)
MP-1 (Si:Ti=40)
MP-2 (Si:Ti=16)
MP-3 (Si:Ti=8)
MP-4 (Si:Ti=4)
No ED
 
Figure 6.27 The percentage of mmmm sequences for selected TREF fractions of the samples produced 
using MPDMS as well as the sample without external donor. 
 
Compared to the DPDMS samples the elution temperatures of the major fractions are 
slightly lower for the samples produced using MPDMS. It is observed that the fractions 
produced using MPDMS contain chains with an mmmm pentad content equal to the fractions 
of the samples produced using DPDMS at least for the highest temperature fractions analysed. 
The range of fractions analysed for the MPDMS samples is slightly broader hence the lower 
values observed for the lower elution temperatures analysed. Once again the addition of a 
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small amount of external donor (MP-4) produces chains which elute in the highest 
temperature fractions and contain very high mmmm pentad contents, indicating that this is 
possibly the reason why the sample crystallises at the highest temperatures during DSC 
analysis. The lower mmmm pentad content values for the highest external donor/catalyst ratio 
(MP-1) are not observed for the MPDMS sample and the values for this sample are generally 
very high, as opposed to the case for sample DP-1. It is also observed that the lower 
temperature fractions are affected more by the increase in the external donor/catalyst ratio (at 
least for the MPDMS samples) than the higher temperature fractions, indicating that the 
external donor plays a more significant role in increasing the stereospecificity of these sites. 
This would appear to be evidence of the role of the external donor in converting poorly 
isospecific sites into more highly isospecific sites, so that the active sites are in a stable state 
with a donor coordinated in the vicinity of the sites for a longer time. With regards to the 
separation mechanism of TREF there is a clear contribution of molar mass to the mechanism. 
As an example an examination of the mmmm pentad content of the 110 and 115 °C fractions 
of sample MP-4 reveal no significant difference in the stereoregularity of the chains. 
However, the molar mass of the fractions increases from, approximately, 85 kg/mol to 230 
kg/mol. The higher molar mass chains elute in the higher temperature fraction thus proving 
that the molar mass plays a significant role in the fractionation mechanism of TREF. 
 
6.3.4.2 Thermal properties of TREF fractions 
 
An investigation of the thermal properties of the TREF fractions for the samples 
produced using DPDMS reveal that the fractions of all the samples containing external donor, 
irrespective of external donor/catalyst ratio, melt at significantly higher temperatures than the 
fractions of the No ED sample.  
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Figure 6.28 The peak melting temperatures for the TREF fractions of the samples produced using 
DPDMS as well as the sample without external donor. 
 
There is a general increase in melting temperature as the fractionation temperature increases 
for all samples as expected and also a slight decrease in melting points for the highest 
temperature fractions. This is in agreement with known trends for TREF fractions and thus 
the influence of the increased tacticity, higher molar mass and narrower molar mass 
distribution on the formation of thicker lamellae is evident. 
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Figure 6.29 The percentage crystallinity for the TREF fractions of the samples produced using DPDMS as 
well as the sample without external donor. 
 
With regards to the crystallinity of the fractions (Figure 6.29), the fractions eluting at 
lower temperatures possess a lower degree of crystallinity than those fractions eluting at 
higher temperatures as expected due to the influence of the low stereoregularity and molar 
mass on the crystallisability of the chains present in those fractions. It is also interesting that 
the lower temperature fractions of the No ED sample are significantly more crystalline than 
the same fractions of the samples produced with an external electron donor present in the 
system. The fractions of the No ED sample eluting at high temperatures such as 105, 110, and 
115 °C also possess high crystallinity, as high if not higher than the same fractions of the 
DPDMS samples. The No ED fractions in question also have relatively high molar mass and 
narrow molar mass distribution compared to the samples produced with DPDMS and it seems 
to be a combination of these factors which results in the high degree of crystallinity of the 
samples. Another possibility, however, is the presence of significantly more, shorter, isotactic 
sequences in these fractions of the No ED sample. 
The peak melting temperatures of the fractions of the samples produced using 
MPDMS are given in Figure 6.30. Unlike the case for the DPDMS samples, all fractions of all 
samples produced using MPDMS as external donor, have similar peak melting temperatures 
to those of the No ED sample. The samples would appear to be more uniform.  
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Figure 6.30 The peak melting temperatures for the TREF fractions of the samples produced using 
MPDMS as well as the sample without external donor. 
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Figure 6.31 The weight average lamellar thickness of the fractions of the samples produced using DPDMS 
as well as those of the sample produced without external donor. 
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This would seem to indicate that MPDMS as external donor does not influence the ability of 
the chains to crystallise into lamellae of increasing thickness as much as DPDMS as external 
donor. Lamellar thickness calculations, however, do not reveal any major differences in the 
thickness of the lamellae in the different fractions irrespective of the donor type. The weight 
average lamellar thickness of the fractions for the DPDMS samples and MPDMS samples are 
given in Figures 6.31 and 6.32 respectively.  
 
0
2
4
6
8
10
12
40 60 80 100 120 140 160
Te (°C)
l w
 (n
m
) MP-1 (Si:Ti=40)MP-2 (Si:Ti=16)
MP-3 (Si:Ti=8)
MP-4 (Si:Ti=4)
No ED
 
Figure 6.32 The weight average lamellar thickness of the fractions of the samples produced using MPDMS 
as well as those of the sample produced without external donor. 
 
A look at the degree of crystallinity of all of the fractions of the samples produced 
using MPDMS (Figure 6.33) reveal that, as was the case for the samples produced using 
DPDMS, the high temperature fractions of the No ED samples are as crystalline as the 
fractions of the samples produced using an external donor. The lower temperature fractions of 
the No ED sample, such as those at 60 °C and 80 °C, are not much more crystalline than some 
of the fractions of the samples produced with an external donor. This is in contrast to the 
degree of crystallinity of the same fractions produced using DPDMS as external donor, where 
the No ED samples’ fractions are considerably more crystalline for these two fractionation 
temperatures. Examination of the 60 °C fraction of the samples produced using DPDMS 
reveals that external donor/catalyst ratios of 4 and 8 reduces the crystallinity of the fraction to 
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a certain extent but that increasing the external donor content further to ratios of 16 and 40 
decreases the crystallinity still further.  
 
0
10
20
30
40
50
60
70
80
0 20 40 60 80 100 120 140 160
Te (°C)
C
ry
st
al
lin
ity
 (%
)
MP-1 (Si:Ti=40)
MP-2 (Si:Ti=16)
MP-3 (Si:Ti=8)
MP-4 (Si:Ti=4)
No ED
 
Figure 6.33 The percentage crystallinity for the TREF fractions of the samples produced using MPDMS 
as well as the sample without external donor. 
 
Analysis of the same scenario for the samples produced using MPDMS reveal that at an 
external donor/catalyst ratio of 4 or 8 there is practically no change in the degree of 
crystallinity of the fractions, but that at a ratio of 16 and 40 there is also a considerable 
reduction in crystallinity of the fractions. It would appear that to bring about the same effect 
on these fractions with the MPDMS donor one requires more of the donor in the system as 
compared to a bulkier donor such as DPDMS. The effect of the donor on these fractions is 
important since it is the conversion of aspecific or poorly isospecific sites to highly isospecific 
sites and/or the deactivation of the sites which is in question, and this is an extremely 
important requirement for an external donor since the conversion of the active sites has a 
significant effect on the physical properties.  
The effect of the donor on the poorly isospecific active sites is illustrated in Figure 
6.34 by examining the crystallisation of the 60 °C fractions of the No ED sample and the 
samples produced using DPDMS. It is evident that addition of a small amount of external 
donor (DP-4) increases the crystallisation temperature of the chains dramatically although the 
magnitude of the crystallisation peak decreases. This indicates that although less material is 
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crystallising out at this point, the chains which are crystallising are slightly more perfect than 
they were in the absence of external donor. There is definitely a molar mass effect involved 
since the molar mass of this particular fraction of the No ED sample is the highest and the 
crystallisation temperature is the lowest. Sample DP-4 has the lowest molar mass for this 
particular fraction and the highest crystallisation temperature. The molar mass of the fractions 
then increases in the order DP-3, DP-2 and finally DP-1 which has a molar mass 
approximately the same as the No ED sample. The crystallisation temperature of the 60 °C 
fraction clearly decreases with increasing molar mass as would be expected for the faster 
crystallisation of lower molar mass chains in the solid state. It is evident that alteration of the 
molar mass of a certain fraction plays an important role in determining the crystallisation of 
that fraction. The differences in crystallisation temperature for the same temperature TREF 
fractions is observed since the temperature range of the fraction is large 26 – 60 °C and 
therefore the chains crystallise out over the range of temperatures.  
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Figure 6.34 The DSC crystallisation exotherms of the 60 °C TREF fractions of the samples produced using 
DPDMS and the No ED sample. 
 
Increasing the amount of external donor therefore simply reduces the degree of crystallisation 
as well as the peak crystallisation temperature indicating that there is less material 
crystallising out and at lower temperatures due to the high external donor loadings 
deactivating the sites producing this material. 
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6.3.5 Molar mass distribution deconvolution 
 
The deconvolution of the molar mass data of all the samples was performed and an 
example of the results obtained is given in Figure 6.35 for the DP-1 sample. Overall, a good 
fit of the experimental data was obtained when using 6 sites to describe the molar mass 
distribution. Deconvolution into 6 sites proved to be the optimum solution for all samples 
analysed. Irrespective of sample type, slightly correlated residuals (the difference in the sum 
of the squares) were observed at low molar mass although this was also observed by Soares 
and Hamielec [18] and ascribed to higher chromatogram noise levels and increased variance 
of observation or peak broadening in the GPC analysis. 
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Figure 6.35 The deconvolution of the molar mass distribution of sample DP-1 into Flory distributions. 
 
Each deconvoluted active site type has a characteristic molar mass (Mn and Mw) and produces 
chains which constitute a certain mass fraction (m) of the polymer as a whole.  
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Table 6.4 The results for the deconvolution of all samples 
1 2 3 4 5 6
m 0.05 0.15 0.28 0.32 0.16 0.05
Mn (g/mol) 9.6E+03 3.0E+04 6.8E+04 1.5E+05 3.5E+05 6.7E+05
Mw (g/mol) 1.9E+04 5.9E+04 1.4E+05 2.9E+05 7.0E+05 1.3E+06
m 0.05 0.15 0.31 0.29 0.14 0.06
Mn (g/mol) 8.7E+03 2.7E+04 6.5E+04 1.4E+05 3.0E+05 6.2E+05
Mw (g/mol) 1.7E+04 5.5E+04 1.3E+05 2.9E+05 6.1E+05 1.2E+06
m 0.05 0.16 0.31 0.29 0.14 0.05
Mn (g/mol) 7.2E+03 2.4E+04 5.5E+04 1.2E+05 2.7E+05 5.8E+05
Mw (g/mol) 1.4E+04 4.8E+04 1.1E+05 2.4E+05 5.5E+05 1.2E+06
m 0.03 0.08 0.24 0.33 0.22 0.09
Mn (g/mol) 4.4E+03 1.1E+04 3.1E+04 7.3E+04 1.7E+05 4.7E+05
Mw (g/mol) 8.8E+03 2.3E+04 6.1E+04 1.5E+05 3.5E+05 9.3E+05
m 0.05 0.12 0.28 0.31 0.18 0.06
Mn (g/mol) 2.6E+03 8.4E+03 2.5E+04 6.1E+04 1.5E+05 4.4E+05
Mw (g/mol) 5.2E+03 1.7E+04 5.1E+04 1.2E+05 3.1E+05 8.8E+05
m 0.06 0.14 0.29 0.28 0.17 0.06
Mn (g/mol) 6.0E+03 2.0E+04 4.8E+04 1.1E+05 2.7E+05 6.6E+05
Mw (g/mol) 1.2E+04 3.9E+04 9.6E+04 2.3E+05 5.4E+05 1.3E+06
m 0.05 0.12 0.25 0.29 0.20 0.09
Mn (g/mol) 2.7E+03 8.4E+03 2.5E+04 6.3E+04 1.6E+05 4.5E+05
Mw (g/mol) 5.4E+03 1.7E+04 5.0E+04 1.3E+05 3.2E+05 8.9E+05
m 0.06 0.13 0.26 0.29 0.19 0.07
Mn (g/mol) 3.0E+03 8.8E+03 2.5E+04 6.5E+04 1.7E+05 4.7E+05
Mw (g/mol) 6.0E+03 1.8E+04 5.0E+04 1.3E+05 3.4E+05 9.4E+05
m 0.06 0.13 0.25 0.28 0.20 0.08
Mn (g/mol) 2.9E+03 8.9E+03 2.5E+04 6.2E+04 1.6E+05 4.4E+05
Mw (g/mol) 5.9E+03 1.8E+04 5.0E+04 1.2E+05 3.2E+05 8.8E+05
DP-1
DP-2
DP-3
DP-4
MP-1
MP-2
MP-3
No ED 0
40
16
8
Sample Code
4
Flory distribution numberSi:Ti
MP-4
40
16
8
4
 
 
The data for the deconvolution of all the samples is given in Table 6.4. An 
examination of the mass fractions of each active site for the samples produced using DPDMS 
is given in Figure 6.36. There are definitely some interesting differences in the amount of 
material being produced at each active site. The addition of a small amount of external donor 
(DP-4) noticeably changes the amount of material produced at the active sites compared to the 
sample prepared without external donor. There is a lot less material being produced at sites 1, 
2, and 3 while at the same time there is more material being produced at sites 4, 5, and 6 for 
the DP-4 sample. 
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Figure 6.36 The mass fraction of the various active sites for the deconvolution of the molar mass 
distribution of the samples produced using DPDMS as well as the No ED sample. 
 
The molar mass produced at each active site is given in Figure 6.37 for the samples 
produced using DPDMS. It is immediately apparent that the molar mass of the material 
produced at each of the active sites increases as the external donor/catalyst ratio increases 
with the largest increases in molar mass to be found in the sites producing higher molar mass 
chains. This would be expected if the external donors coordinate in the vicinity of the active 
sites and convert aspecific sites to isospecific sites, thereby exerting more influence on the 
more stereospecific sites whose kp increases in conjunction with the increase in 
stereospecificity.  
Examination of Figures 6.36 and 6.37 reveal that addition of a small amount of 
DPDMS to the system does not significantly alter the molar mass of the material produced at 
each site but rather the proportion of sites producing higher molar mass material increases. 
Further increase in the external donor/catalyst ratio to 8 or 16 produces very similar results, in 
that the proportion of active sites producing high molar mass material decreases and the 
proportion of sites producing lower molar mass increases, while at the same time the molar 
mass of the chains produced at all the sites increases significantly. Increasing the external 
donor/catalyst ratio still further to 40, brings about a combined increase in the proportion of 
active sites producing high molar mass material (although not to the same extent as a ratio of 
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4), as well as an increase in the molar mass of the chains produced at those sites producing 
high molar mass chains.  
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Figure 6.37 The variation in molar mass of the individual Flory distributions at different Si:Ti for the 
samples produced using DPDMS. 
 
It would seem as if the addition of a small amount of external donor is mainly responsible for 
converting a number of aspecific sites into isospecific sites with a higher kp as evidenced by 
the fact that the proportion of active sites producing higher molar mass chains increases 
significantly. Increasing the external donor/catalyst level to 8 or 16 increases the molar mass 
significantly for all active sites implying an increase in kp at all the sites and a decrease in 
transfer reactions. This indicates that the higher external donor/catalyst ratios result in the 
deactivation of more sites but that the remaining sites produce higher molar mass chains. The 
highest external donor loading studied (DP-1) exerts and influence not only on the molar mass 
of the chains produced at each site but also the proportion of sites producing higher molar 
mass relative to the ratios of 8 and 16.  
 The results for the samples produced using MPDMS are a little different as illustrated 
in Figure 6.38. Increasing the external donor/catalyst ratio to 4, 8, and 16 increases the 
proportion of active sites producing high molar mass material slightly while the ratio of 40 
reduces that same proportion of sites.  
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Figure 6.38 The mass fraction of the various active sites for the deconvolution of the molar mass 
distribution of the samples produced using MPDMS as well as the No ED sample. 
 
A look at the molar mass of the chains produced at each of the site type (Figure 6.39) also 
tells a different story to that of the samples produced using DPDMS. The molar mass of the 
chains produced at all site types remains relatively constant for all the external donor/catalyst 
ratios with the exception of the ratio of 40 where a sharp increase is observed. Relating this 
data to the overall molar mass of the samples, it seems as if the slight increases in molar mass 
for the lower external donor/catalyst ratios are due to a slight increase in the proportion of 
sites producing higher molar mass material while the highest external donor/catalyst ratios 
sharp increase in molar mass is due to the increase in the molar mass of the chains produced 
at all site types. 
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Figure 6.39 The variation in molar mass of the individual Flory distributions at different Si:Ti for the 
samples produced using MPDMS. 
 
On the basis of these results it would appear as if the lower external donor/catalyst ratios are 
mainly responsible for the conversion of aspecific sites to isospecific sites but that the 
stereoselectivity of the sites are not increased much. The highest ratio of 40 brings about a 
noticeable increase in the molar mass of the chains and it would seem that at this ratio the 
external donor exerts more influence on the active sites in general and also the stereoregular 
sites in particular.  
The data for both donor types seem to indicate that in general the conversion of sites 
from aspecific (site type C), or poorly isospecific (site type B) to isospecific (site type A) is 
accomplished at low donor loadings and that the deactivation of sites occurs at higher external 
donor loadings. More of the MPDMS donor seems to be required in order to deactivate 
certain sites compared to the case of the DPDMS donor where deactivation of sites seems to 
occur at lower external donor/catalyst ratios. It is also evident that the conversion of active 
sites to the more stereospecific site (type A) is accomplished at an external donor/catalyst 
ratio of 4 for the DPDMS samples but that at the same ratio for the MPDMS samples there are 
still sites remaining requiring conversion to the more stereospecific type as evidence by the 
conversion of sites at the higher ratios of 8 and 16. Figure 6.40 compares the effect of the type 
of external donor on the proportion of the different active sites and the molar mass of the 
chains they produce, at the lowest external donor/catalyst ratio investigated (4). It is evident 
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that using the DPDMS donor causes an increase in the proportion of active sites producing 
high molar mass polymers and that the molar mass of the polymers produced at those sites is 
slightly higher than that of the sites in the MPDMS system but not much higher. This 
confirms that at the same external donor loading the DPDMS is much better at converting 
sites to those producing high molar mass polymers especially at low external donor/catalyst 
ratios. 
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Figure 6.40 A comparison of the proportion of different active sites and the weight average molar mass of 
the polymers they produce for the DP-4 and MP-4 samples. 
 
A similar comparison at the highest external donor/catalyst ratio investigated (40) is 
illustrated in Figure 6.41. It is clear that at the higher external donor/catalyst ratio the 
proportion of the different types of active sites is very similar for the two different donor 
types used, unlike the case at the lower external donor/catalyst ratio. The main difference in 
the overall molar mass of the polymers (DP-1 having a higher molar mass than MP-1), lies in 
the differences in the molar mass of the polymers produced by active site numbers 3, 4, and 5. 
It is interesting to note that since the proportion of site types are similar that the higher molar 
mass of the chains produced using DPDMS lies in the greater ability of the sites (with the 
DPDMS donor coordinated in the vicinity of the site) to produce higher molar mass polymers. 
It is believed that the DPDMS therefore exerts a stronger influence on the sites than MPDMS 
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due to the bulkiness of the two phenyl groups and that the kp of the sites is higher with 
DPDMS coordinated in the vicinity of the sites. 
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Figure 6.41 A comparison of the proportion of different active sites and the weight average molar mass of 
the polymers they produce for the DP-1 and MP-1 samples. 
 
 It should also be noted that the same deconvolution procedure was applied to one of 
the higher temperature TREF fractions (with a narrow polydispersity of 3.5) and it was 
observed that the optimum solution involved contributions from 4 different active sites all of 
which would have to be of type A according to Busico’s model. This means that there are 
isospecific sites present on the catalyst which produce material covering a wide range of 
molar masses and that thus there are a few different types of sites which have the ability to 
produce highly isotactic chains although with varying lengths. These differences could be due 
to the coordination of different ligands for active site A as discussed for the model proposed 
by Busico. The result would be isospecific sites which are slightly different and thus produce 
different distributions of chains. It is therefore noted that there are a significant number of 
different active sites and that the nature of the active sites are constantly changing via the 
equilibrium reactions present in the system and that so the values presented are average 
numbers of site types rather than a specific number of absolute active sites. For example, 
isospecific sites present in the catalyst can be located on different parts of the support and 
although the sites might have a very similar chemical configuration there are factors such as 
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the amount of steric hindrance (due to the location of site on the surface not due to the donor) 
at a site which might influence the material produced at a given site. 
 
6.3.6 Mechanical properties 
 
In order to correlate the structure of the polymers with the physical properties all 
samples were analysed by microhardness and DMA. 
 
6.3.6.1 Microhardness 
 
At first a brief examination was undertaken to investigate the effect of cooling of the 
sample from the mould in order to determine the effects of sample preparation on the 
properties of the material. Figure 6.42 illustrates the difference in microhardness for the 
samples prepared using DPDMS at two different indentation loads and also for two different 
cooling regimes, namely slow cooling over 5 minutes at ambient conditions and quench 
cooling. 
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Figure 6.42 The microhardness results for the samples produced using DPDMS at different indentation 
loads and different cooling regimes illustrating the differences in the microhardness upon cooling. 
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It is immediately apparent that the slow cooled samples are slightly harder than those which 
were quench-cooled. This is to be expected since upon slow cooling the chains have more 
time to order themselves and crystallise out while for the quench cooled samples there is little 
time and so the crystals are not as perfect as those subjected  to the slow cooling. Similar 
results were obtained by Koch et al. [29] who found an increase in microhardness upon 
annealing after quenching, similarly giving the chains more time to order themselves and 
form a harder material. It is also noted that there is a general increase in the microhardness of 
the samples with increasing external donor/catalyst ratio. Flores et al. [27] also discovered an 
increase in microhardness on annealing. 
 These results were subsequently confirmed in a second batch of experiments (Figure 
6.43) in which all samples were subjected to the quench cooling process at two different 
indentation loads. 
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Figure 6.43 A comparison of the microhardness data for the samples produced using DPDMS and 
MPDMS as well as the No ED sample illustrating the differences between the samples at loads of 49 mN 
and 98 mN. 
 
There is a sharp increase in the microhardness of the samples upon addition of the external 
electron donors to the polymerisation system. Further increase in the external donor/catalyst 
ratio does bring about a slight increase in the microhardness although the increase is not as 
dramatic as for the addition of a small amount of donor compared to the No ED sample.  
 201
In order to evaluate the effect of the polymer microstructure on the microhardness of 
the material there are a few key relationships which need investigating. The effect of the 
molar mass and molar mass distribution on the crystallinity of the samples is investigated and 
illustrated in Figure 6.44. The three dimensional plots show the projections of data points in 
three dimensional space on the surface of each plane. The actual data points have been 
omitted for clarity. 
 
5
6
7
8
9
60
65
70
75
80
1.5x105
2.0x105
2.5x105
3.0x105
3.5x105
 
M w 
(g/m
ol)
Cr
ys
ta
lli
ni
ty
 (%
)
PD
 
Figure 6.44 The effect of the molar mass and polydispersity on the crystallinity of all the samples. 
 
Generally it can be said that the samples of low molar mass have a broader 
polydispersity and the higher molar mass samples have a narrower polydispersity indicating a 
narrower distribution of active sites producing higher molar mass chains.  
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Figure 6.45 The effect of the molar mass and mmmm pentad content on the crystallinity of the samples. 
  
It would also appear that the polydispersity has an influence on the crystallinity since the 
samples with a high degree of crystallinity also have low polydispersity values and vice versa, 
although the effect is not as strong as that of the molar mass. There is definitely a strong 
molar mass effect on the crystallinity with the samples of higher molar mass clearly enabling 
crystallisation to a higher degree. 
Examination of the combined effect of the molar mass and mmmm pentad sequence 
content on the crystallinity of the samples is illustrated in Figure 6.45. There is clearly an 
increase in crystallinity as the mmmm pentad content is increased from approximately 84% to 
94%. It is evident that there is a variation in the levels of crystallinity for the samples with 
relatively constant mmmm pentad content of approximately 94 – 96% which indicates that the 
effect of the molar mass on the crystallinity is significant. A closer look at the region of 
higher tacticity illustrated in Figure 6.46 reveals that there is definitely a correlation between 
the mmmm pentad content and the degree of crystallinity. The higher mmmm pentad contents 
correlate to higher degrees of crystallinity. It is also noteworthy that the higher molar mass 
chains also have a higher mmmm pentad content as expected since the more stereospecific 
sites have a higher kp. Similar trends were observed by Sakurai et al. [30] with regards to the 
relationship of isotacticity to molar mass. 
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Figure 6.46 A closer examination of the effect of small changes in mmmm pentad content as well as 
changes in the molar mass on the crystallinity of the samples. 
 
As to the dominant effect determining the crystallinity of the samples it is believed 
that large changes in mmmm pentad content clearly dominate over other effects such as the 
molar mass but that the molar mass and molar mass distribution definitely play a major role 
when the mmmm pentad values are similar. 
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Figure 6.47 The effect of the crystallinity and the molar mass on the microhardness of the samples. 
 
If one examines the combined effect of the molar mass and the crystallinity on the 
microhardness of the samples (Figure 6.47) it appears that the sharp increase in microhardness 
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observed from the single lowest point is not due to the molar mass of the sample. There is 
also no dramatic increase in the overall crystallinity of the sample. It would therefore seem as 
if neither factor was directly responsible for the sharp increase observed from the sample of 
lowest microhardness. A closer inspection of the region of small increase in microhardness is 
given in Figure 6.48. 
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Figure 6.48 A closer inspection of the effect of crystallinity and molar mass on small changes in 
microhardness. 
 
There would appear to be a slight correlation between both the crystallinity and molar 
mass on the microhardness with samples of high molar mass and high degrees of crystallinity 
generally having higher microhardness values. 
 Since the crystallinity is related in part to the tacticity of the samples, the combined 
effect of the molar mass and the mmmm pentad content on the microhardness was 
investigated. Figure 6.49 demonstrates that the sharp increase in microhardness is due mainly 
to an increase in the mmmm pentad content of the sample and not to the molar mass increase. 
It would therefore appear that changes in mmmm pentad content exert a strong influence on 
the microhardness of a sample. 
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Figure 6.49 The effect of the molar mass and the mmmm pentad content on the microhardness of the 
samples. 
 
If one removes the data point of lower tacticity and focuses on the data points of the samples 
of higher mmmm pentad content then some interesting relationships are revealed (Figure 
6.50). There is a strong relationship between the mmmm pentad content and the microhardness 
of the samples, where the higher the mmmm pentad content the higher the microhardness 
value. This is very interesting since it means that the mmmm pentad content of a sample plays 
a more significant role in determining the properties of a material not simply through its 
influence on the crystallinity of a sample but possibly also on the way in which the sample 
absorbs energy. It is feasible that the higher mmmm pentad content enables easier 
recrystallisation upon the application of an external force to the sample, thereby improving 
the hardness of the sample upon indentation. The importance of the tacticity of the 
polypropylene chains on the properties of the polymer has also been noted by De Rosa et al. 
[31]. 
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Figure 6.50 The combined effect of the molar mass and the mmmm pentad content on the microhardness 
of the samples. 
 
Within a given series of polymers produced using the same type of external donor one 
can also see relationships between the molar mass and the microhardness of the samples 
(Figure 6.51). 
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Figure 6.51 The effect of the molar mass on the microhardness of the samples produced using a certain 
donor type. 
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The molar mass effect, although not the dominant effect on the microhardness, is still 
important for a given series of polymers. It is possible that influence of the molar mass on the 
microhardness is due to its influence on the crystallinity of the samples but also the effect of 
molecular entanglements since the presence of more entanglements can also increase the 
hardness of a material. 
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Figure 6.52 The effect of the crystallinity on the microhardness of the polymers produced using a certain 
donor type. 
 
The effect of crystallinity on the microhardness for the different series of polymers is 
illustrated in Figure 6.52. Similarly to the case of the molar mass effect, the effect of 
increasing the crystallinity of a sample within a given series of polymers produced by the 
same type of catalyst system is evident. 
However, the dominant effect as discussed earlier is the mmmm pentad content which 
increases with microhardness for both series’ of polymers as illustrated in Figure 6.53. It is 
therefore evident that the external electron donor influences the properties of the polymer by 
improving the average mmmm pentad content of the samples. This is accomplished by the 
coordination of the external donor in the vicinity of the active sites, thereby converting some 
poorly isospecific sites (site type B in Busico’s model) and aspecific sites (site type C in 
Busico’s model) to isospecific sites.  
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Figure 6.53 The effect of the mmmm pentad content on the microhardness of the samples for the different 
polymers produced using different external donor types. 
 
The next question which arises is which sites are affected to what degree. It would appear as 
if the sites of type B in Busico’s model are the prime candidates for conversion and the TREF 
data would seem to support this. The addition of an external donor to the system as well as 
subsequent increases in the external donor/catalyst ratio has the greatest influence on the 60, 
80, 100, 105, and 110 °C TREF fractions since it is these fractions which are reduced in 
amount upon addition of an external donor. It is also these fractions which influence the 
properties of a material to the greatest extent as shown in Chapter 4. It is evident that the 
microhardness is increased by increasing the overall tacticity of the polymer chains and so the 
degree to which the active sites, producing material which elutes in these fractions, can be 
converted to site type A, producing highly isotactic material, is of paramount importance in 
determining the microhardness of the material. 
 
6.3.6.2 DMA 
 
The DMA technique is an extremely useful one and is often used to obtain an 
indication of the physical properties of samples. It is a very sensitive technique, able to detect 
a number of different transitions and relaxations which take place in a material at a certain 
temperature. The tan δ curves essentially represent the ratio of the ability of the material to 
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store energy and lose energy which is also sometimes referred to as the damping ability of a 
material. This can also be taken as a measure of the impact properties of a material. 
It is evident from Figures 6.54 and 6.55 that the β-transition, corresponding to the 
glass transition temperature of iPP, which occurs over a temperature range in the region of 10 
°C, is far greater for the sample produced without external donor present in the system. This is 
to be expected since the sample in question is less crystalline and therefore contains more 
amorphous material. The implications are that the chains have far greater mobility in the 
amorphous phase for the No ED sample compared to the samples produced with either 
DPDMS or MPDMS as external donor since the magnitude of the β-transition is related to the 
mobility of the chains.  
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Figure 6.54 The tan δ curves for the samples produced using DPDMS and the No ED sample. 
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Figure 6.55 The tan δ curves for the samples produced using MPDMS and the No ED sample. 
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Figure 6.56 The magnitude of the area of the β-transition as a function of the external donor/catalyst ratio 
for the samples produced with both DPDMS and MPDMS. 
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The areas of the β-transitions of the samples, after subtraction of a linear baseline, are given 
in Figure 6.56. The decrease in mobility of the chains in the amorphous regions is evident 
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upon addition of an external donor, however, the effect of increasing the external 
donor/catalyst ratio is complex. There is a slight decrease in the magnitude of the transition 
for the DPDMS samples as the external donor/catalyst ratio is increased with the exception of 
sample DP-2 (with an external donor/catalyst ratio of 16). This is possibly related to the 
slightly lower crystallinity of this sample compared to sample DP-3, however, sample DP-4 
has a similar level of crystallinity and a lower magnitude of the β-transition. There is also a 
possible molar mass effect, as discussed by Stern et al. [1] who found that the higher molar 
mass polymers were generally characterised by larger β-transitions. Sample DP-2 has a 
relatively high molar mass and a slightly lower mmmm pentad content than the samples at 
higher, and lower, external donor/catalyst ratios. It is also noted that the magnitude of the β-
transition is greater for the samples produced with DPDMS than for the samples produced 
with MPDMS. This implies better mobility for the chains in the amorphous regions of these 
samples compared to the MPDMS samples and could be related to better-defined crystalline 
regions in the samples produced using DPDMS and also the higher average molar mass of the 
samples produced using DPDMS. This would result in the chains in the amorphous region 
being less restricted by the crystalline domains. The microhardness values of the samples 
produced using MPDMS are on average slightly higher than those produced using DPDMS, 
therefore the slightly lower mobility of the chains of the MPDMS samples would seem to 
correlate with a slightly higher microhardness value since there is more resistance to the 
motion of the chains. It would therefore seem as if upon modification of the catalyst one can 
convert a large portion of the active sites to those of type A, thereby increasing the 
microhardness of the samples but that this comes at a price in terms of the ability of the 
material to absorb energy and so the impact strength of the material decreases. It would 
appear as if the 60 °C to 110 °C fractions are key in determining this effect since it is a 
reduction in the amount of material eluted in these fractions which brings about an increase in 
the microhardness of the material and vice versa in terms of the energy absorbing abilities of 
the sample.   
 The storage modulus data for the samples produced using DPDMS are given in Figure 
6.57. It is apparent that similarly to the magnitude of the β-transition the storage modulus of 
the No ED sample is the highest of all the samples. It is also interesting that the storage 
modulus of the samples increases as the external donor/catalyst ratio increases from 4 to 16 
but that the modulus for the highest ratio of 40 is actually lower than one would expect. This 
is believed to be related to the molar mass of the important fractions eluting in the 80 – 115 
°C temperature region. It would seem as if the higher the molar mass of these fractions, the 
higher the storage modulus, since it is evident that for the DPDMS samples the No ED sample 
and DP-2 sample both have fractions of high molar mass eluting at these temperatures while 
the DP-1 sample’s fractions consist of the lowest molar mass material of all the fractions 
eluting at these temperatures.  
 
0.0E+00
2.0E+07
4.0E+07
6.0E+07
8.0E+07
1.0E+08
1.2E+08
-40 -20 0 20 40 60 80 100 120
Temperature (°C)
St
or
ag
e 
m
od
ul
us
 (P
a)
DP-1 (Si:Ti=40)
DP-2 (Si:Ti=16)
DP-3 (Si:Ti=8)
DP-4 (Si:Ti=4)
No ED
 
Figure 6.57 The storage modulus curves for the samples produced using DPDMS and the No ED sample. 
 
It is also interesting to note the dramatic increase in storage modulus observed at a certain 
temperature for a certain sample. This is related to the recrystallisation of the samples as the 
temperature is increased. The recrystallisation is known to occur [32] as a result of frozen-in-
stress due to the sample preparation process. The recrystallisation process is strongly 
dependent on the external donor/catalyst ratio and it is clear that increasing this ratio produces 
material which generally only recrystallises at a higher temperature. This is due to the fact 
that the crystalline regions which are formed are more perfectly ordered due to the 
improvement in crystallisation of the types of chains present. Sample DP-2, however, 
recrystallises at a lower temperature than the trend suggests. The magnitude of the β-
transition of this sample is also relatively high compared to the other samples in the series and 
so it is thought that the increased mobility of the chains in the amorphous region enables the 
recrystallisation of the crystalline regions at a lower temperature. The recrystallisation 
temperatures of the other DPDMS samples also correlate well with the magnitude of the β-
transition.  
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 The storage modulus data for the samples produced using MPDMS are given in Figure 
6.58. Compared to the samples produced using DPDMS the modulus values are significantly 
lower for the samples produced using MPDMS. The most significant difference between the 
samples produced using DPDMS and those produced using MPDMS is the molar mass. 
Indeed the lower modulus values for the MPDMS samples correlates well with the slightly 
lower molar masses of the MPDMS samples’ fractions in the 60 – 105 °C temperature 
regions. The molar mass of the No ED samples’ aforementioned important fractions is also 
higher than that of the MPDMS samples. In this case the MP-1 sample’s fractions are the 
second highest and the MP-2 sample’s are the lowest in terms of molar mass which also 
correlates well with the modulus values providing further evidence that the storage modulus is 
indeed linked to the molar mass of these specific fractions of the material. 
It seems therefore that the amount of material eluting in these fractions (representing 
the degree of active site conversion) affects the microhardness and damping ability of the 
materials while the molar mass of the fractions affects the modulus of the samples and also 
possibly the damping properties through the molar mass effect on the mobility of chains in the 
amorphous or ordered amorphous phase. It is therefore possible to tailor the properties of the 
polymer via chemical modification of the catalyst system used to make the polymers, as 
opposed to the physical alteration of the composition of the materials as performed in Chapter 
4. 
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Figure 6.58 The storage modulus curves for the samples produced using MPDMS and the No ED sample. 
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The recrystallisation phenomenon is also observed for the samples produced using MPDMS 
as external donor. The sample produced at the highest external donor/catalyst ratio once again 
recrystallises at the highest temperature, however, the onset of recrystallisation for the other 
samples in the series is complex. The lower than expected recrystallisation temperature of 
sample MP-3 is possibly related to the lower crystallisation temperature of this sample 
(Figure 6.14). 
 
6.4 Conclusions 
 
With regards to the polymerisations themselves, a number of interesting conclusions 
can be drawn. Firstly, it seems as if the DPDMS external donor exerts a stronger influence on 
the nature of the active sites than the MPDMS external donor. The reason for this is that there 
is a more marked decrease in activity with increasing external donor/catalyst ratio for the 
samples produced with DPDMS. The effect on molar mass is also substantially different in 
that a definite increase in molar mass is observed upon increasing the external donor/catalyst 
ratio while using DPDMS, while when using MPDMS there is an increase in molar mass but 
the increase is slight until the high external donor/catalyst ratio of 40 is used. Then only does 
the molar mass increase significantly. The molar mass of the samples produced using 
DPDMS is significantly higher than that of the samples produced using MPDMS. The 
polydispersity of the samples produced using DPDMS is also narrower than that of the 
samples produced using MPDMS. 
The addition of even a small amount of external donor brings about a sharp increase in 
the mmmm pentad content of the polymer produced. Further increase in the external 
donor/catalyst ratio does increase the mmmm pentad content but only slightly. Increasing the 
external donor/catalyst ratio for both types of donors does bring about a constant decrease in 
the amount of syndiotactic material present (rrrm and rrrr pentad content) in the polymers, 
indicating that although the average mmmm pentad content does not improve much, the 
donors are still coordinated in the vicinity of the active sites and prevent the chain end control 
mechanism from occurring to a certain extent. 
In terms of the thermal properties of the samples, those produced using DPDMS melt 
at higher temperatures than those produced using MPDMS possibly related to the molar mass 
of the samples. The crystallinities of the samples increase upon addition of little external 
donor, however, the overall crystallinities slightly decrease again for higher external donor 
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ratios for both external donors investigated. The weight average lamellar thickness of the 
samples tends to increase with increasing external donor/catalyst ratio. 
Crystallisation of the samples from solution is definitely different to the case of 
crystallisation in the solid state. CRYSTAF data indicate that the molar mass of the polymers 
is the most important factor regarding initiation of crystallisation, and that samples with 
higher molar mass crystallise out of solution at higher temperatures. The sample with an 
external donor/catalyst ratio of 4 had the highest onset of crystallisation temperature of all the 
samples for both external donor types investigated. Furthermore it was evident that the 
samples with the highest external donor/catalyst ratio were the highest melting irrespective of 
external donor type. 
TREF fractionation of the samples revealed that the samples produced using DPDMS 
were eluted at mainly the 115 °C and 120 °C fractions while the samples produced using 
MPDMS had considerably less material in their 120 °C fractions and more material 
distributed over the 110, 115, and 120 °C fractions. Sample DP-2 appeared to elute more of 
its material in the 115 °C fraction than would have been expected compared to the trends 
observed for the other samples in the series. Sample MP-4 eluted more material in the 120 °C 
fraction than would be expected compared to the other MP-samples. Overall it would seem as 
if the DPDMS external donor exerted more influence on the active sites producing chains 
which elute in the lower temperature fractions than the MPDMS, i.e. is better at converting 
the active sites to those of increased stereospecificity than the MPDMS is. These fractions all 
showed the expected trend of decreased contribution to the composition of the polymer with 
increasing external donor/catalyst ratio, as the external donor coordinated to the aspecific and 
poorly isospecific sites, and either deactivated them or converted them to more stereospecific 
sites.   
The molar mass of the fractions increased dramatically for all samples after the 105 °C 
fraction irrespective of external donor type, loading or even presence in the system. This is a 
clear indication that the molar mass plays a significant role in the fractionation mechanism of 
TREF. There are fractions present with negligible differences in mmmm pentad content which 
elute in successive fractions, with the higher molar mass sample eluting at the higher 
temperature. The fractionation mechanism of TREF is therefore a complex one with 
contributions from both the stereoregularity and molar mass of the chains. In terms of the 
polydispersity of the TREF fractions, it is evident that the lower temperature fractions have a 
broader distribution of molar mass chains than the higher temperature fractions. There is a 
minimum polydispersity value which was observed for the 100 °C fraction for all samples. 
The mmmm pentad content of the fractions generally increased with elution temperature for 
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all samples analysed as expected since a higher mmmm pentad content facilitates easier 
crystallisation of the chains.  
The effect of the addition of external donor to the polymerisation system was also 
shown for those sites producing polymers eluting in the 60 °C fraction. The systematic 
deactivation of the sites producing material eluting in these fractions was demonstrated upon 
increasing the external donor/catalyst ratio. In general the thermal properties of the TREF 
fractions improved with fractionation temperature up to the 115 or 120 °C fractions after 
which there was a slight decreases in the properties due to the co-crystallisation of material 
trapped during the TREF crystallisation process. 
Deconvolution of the molar mass data revealed that the molar mass distributions of all 
the samples could be described by 6 active sites. For the samples produced using DPDMS it 
would appear that the addition of a small amount of external donor converts many aspecific 
sites to isospecific sites but that further external donor addition deactivates sites but increases 
the stereoregularity and thus the kp of the sites which remain. Using MPDMS as external 
donor does not appear to influence the stereospecificity of the sites at low external 
donor/catalyst loadings and that slight increases in molar mass are due to conversion of 
aspecific sites to stereospecific sites without increasing the stereoselectivity of the sites. Very 
high external donor/catalyst ratios would appear to be needed to significantly improve the 
stereospecificity of the sites and thus their kp. This would seem to corroborate the hypothesis 
that the DPDMS as external donor exerts a greater influence on the active sites even at low 
external donor/catalyst ratios. 
With regards to the microhardness of the samples, the addition of a small amount of 
external donor dramatically increases the microhardness of the polymer, while increasing the 
external donor/catalyst ratio increases the microhardness slightly for both external donor 
types. The crystallinity of the samples was shown to be clearly related to the molar mass and 
molar mass distribution as well as the mmmm pentad content of the samples. Higher molar 
masses, narrower molar mass distributions, and higher mmmm pentad contents improved the 
crystallinity of the samples over the range of microstructures studied here. The higher molar 
mass samples were also shown to have higher stereoregularity. The molar mass and 
crystallinity both show an effect on the microhardness, with the harder samples generally 
consisting of more crystalline material of a higher molar mass. However, the strongest 
property affecting the microhardness was the mmmm pentad content of the samples, where the 
samples with higher mmmm pentad content had higher microhardness values. It is evident that 
the external electron donor mainly exerts its influence on the poorly isospecific sites as 
evidenced by the significant decrease in the amount of material eluting in the 60 – 110 °C 
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fractions. It is also clear that the physical properties such as the microhardness are dependent 
on the amount of material in these medium – high temperature fractions since a reduction in 
the proportion of material eluting in these fractions means the conversion of more active sites 
and a higher overall mmmm pentad content. 
DMA analysis showed that the ability of the materials to dissipate energy was related 
to the mobility of the amorphous regions in the polymers. The sample produced without 
external donor clearly had the best damping ability at low temperature and it is noted that this 
sample is the softest but that its damping ability was the best. A relationship seems to exist 
whereby increasing the amount of material eluting in the 80 – 110 °C fraction increases the 
damping properties of the material while at the same time decreasing the hardness of the 
material. The modulus of the samples appears to be related to the molar mass of these medium 
– high temperature fractions, where higher molar masses in these fractions result in a material 
with a higher modulus. Significant secondary crystallisation was observed for all samples due 
to the re-crystallisation of chains after the frozen-in-stress was removed upon heating. The 
temperature at which the recrystallisation takes place appears to be possibly related to the 
mobility of the amorphous domains. It is also noted that in general the samples produced 
using DPDMS have a higher modulus than the samples produced using MPDMS, and that this 
is also related to the higher molar mass of the 60 – 110 °C fractions. 
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Chapter 7. Synopsis and conclusions 
 
7.1 Synopsis and conclusions 
 
In order to correlate the data regarding the removal of certain fractions of the 
polypropylene homopolymer (sample PPH), as discussed in Chapter 4, with the chemical 
alteration of the active sites, as discussed in Chapter 6, it is necessary to compare the 
materials used in each section of the work. Although removing an entire fraction from a 
material is slightly different to the alteration of the proportion of material eluting in a given 
fraction, it is believed that the methodology is sound in that the importance of specific 
fractions is highlighted. Removing a fraction from the material also modifies the composition 
of the polymer which is exactly what is accomplished by changing the reaction conditions. On 
the one hand there is the effect of removing fractions, leaving behind a polymer which could 
have been produced by a hypothetical catalyst system consisting of active sites which are 
different to those which produced the original material. On the other hand there is the real 
chemical modification of the active sites and the production of polymers with different 
properties. Selected examples are discussed regarding the relationship between the methods. 
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Figure 7.1 An illustration of the similarity in TREF profiles of the PPH sample and the No ED sample. 
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Figure 7.1 illustrates the comparison between the PPH sample discussed in Chapter 4 
and the No ED sample discussed in Chapter 6. These samples are the most similar in terms of 
the amount of material eluting in each specific TREF fraction. The fractionation temperatures 
are slightly different for the lower temperature fractions therefore the 60 and 80 °C fractions 
of the No ED sample have been combined into a hypothetical 90 °C fraction so as to facilitate 
easier comparisons. This is illustrated in Figure 7.2. 
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Figure 7.2 A more direct comparison between the amount of material eluting in each of the fractions of 
the PPH and No ED samples. 
 
It is clear that the No ED sample has more material eluting in the lower temperature 
fractions as evidenced by comparing the amount of material eluting in the 90 and 100 °C 
fractions. It is also evident that there is more material eluting in the highest temperature 
fractions for the PPH sample. This is consistent with the data discussed in Chapter 6 for the 
reduction in the amount of material eluting in the lower temperature fractions due to the 
conversion of some of the active sites into those producing more isotactic material. 
 The largest difference in the crystallinity of the PPH samples was brought about by the 
removal of the 91 – 100 °C to 106 – 110 °C fractions from the PPH sample, while the largest 
difference in physical properties was observed upon removal of the 26 – 90 °C fraction and 
the 106 – 110 °C fractions. It was also shown in Chapter 6 that reduction in the amount of 
material eluting in the 60 – 110 °C temperature range had a significant effect on the polymer 
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properties. The lower crystallinity values observed upon removing the 91 – 100 °C to 106 – 
110 °C fractions from the PPH sample was due to significantly lower mmmm pentad contents 
for the residual material. As demonstrated in Chapter 6 the lower mmmm pentad contents have 
a direct bearing on the microhardness values of the sample hence the removal of these 
fractions would result in significant changes in the microhardness of the material. 
It could, therefore, be said upon comparison of these two materials that the PPH 
sample would be expected to have a slightly higher mmmm pentad content based on the 
amount of material eluting in the fractions and this is indeed the case since the No ED sample 
has an mmmm pentad content of approximately 84% while that of the PPH sample is 
approximately 90%. This could be brought about via modification and tailoring of the type 
and amount of the electron donors present in the system as shown in Chapter 6. The slightly 
lower than expected microhardness values could very well be due to a molar mass effect on 
the microhardness, since Koch et al. [1] have demonstrated that higher molar mass polymers 
(with molar mass higher than 400 kg/mol) have lower microhardness values, and the PPH 
sample has a weight average molar mass in excess of 600 kg/mol. It is therefore believed that 
very large differences in molar mass could play a role but that the tacticity of the samples is 
still the dominant property governing the microhardness of the samples. 
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Figure 7.3 The relationship between the mmmm pentad content and the microhardness illustrating the 
position of the PPH sample relative to the other samples. 
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There would therefore definitely seem to be a correlation between the physical 
removal of material and the chemical alteration of the composition of a polymer via alteration 
of the active sites on the catalyst. This is evidenced by the changes in the properties upon 
addition of external donor to the catalyst system since the addition of the donor reduces the 
amount of material eluting in specific fractions by converting the active sites from poorly 
isospecific sites to highly isospecific sites. The fast switching of the active sites between the 
different types results in the production of chains containing blocks of highly isotactic chains 
and sequences which are less stereoregular. Long chains containing both types of sequences 
would be ideal to act as tie molecules, linking up the various crystalline regions with the less 
stereoregular blocks being excluded from the crystals and located in the inter-crystalline 
regions. These chains are believed to be found mainly in the medium to high temperature 
TREF fractions, hence these fractions’ importance for polymer properties. Similar effects are 
obtained by removing certain fractions of a PP sample, thereby altering for example the 
average mmmm pentad content.  
Higher average mmmm pentad contents lead to increases in the microhardness of the 
material as demonstrated in Chapter 6. This is illustrated in Figure 7.3 highlighting the 
microhardness of the PPH sample relative to the other samples, clearly showing the 
dependence of the microhardness on the average mmmm pentad content. The PPH sample has 
an average mmmm pentad content of approximately 90% and as expected the microhardness 
of this material lies between that of the No ED sample and the samples produced with 
external donors which all have higher mmmm pentad contents. Unfortunately the conditions 
under which the PPH sample was made are not known due to the commercial nature of the 
material, however, it is certainly possible, as evidenced by this material, to tailor the reaction 
conditions and donor loadings to such an extent that the properties of the polymers can be 
varied between the extremities of those used in this study.  
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Figure 7.4 The relationship between the mmmm pentad content and the microhardness illustrating the 
position of the test sample (produced at an external donor/catalyst ratio of 2) relative to the other samples. 
 
The two most important properties of polypropylene which exert the greatest influence 
on all other properties, namely the tacticity and molar mass, can therefore be tailored via 
choice of suitable reactions conditions and donor types and loadings. A reaction was also 
performed at an external donor/catalyst ratio of 2 in order to investigate the region between 
the ratios of 0 and 4. The microhardness and tacticity correlation of the sample is illustrated in 
Figure 7.4. With an mmmm pentad content of just under 86% the microhardness of the sample 
is in the region where it is expected. The molar mass of this sample is reasonably high 
compared to the other samples at approximately 600 kg/mol (due to the fact that the 
polymerisation was performed in the absence of hydrogen) and this is thought to be the reason 
for the slight depression in the values compared to the No ED sample since these relatively 
high molar masses exert an influence on the microhardness as discussed earlier [1]. This 
sample demonstrates in a single solution how one could alter the polymerisation conditions in 
order to tailor the properties of the polymer since the external donor added ensures a slightly 
higher mmmm pentad content compared to the No ED sample and the absence of hydrogen 
results in significantly higher molar mass of the polymer, the combined effect of which is 
evidenced by the microhardness data. 
It is also noteworthy to mention the reciprocal relationship between the hardness of a 
material, as measured by the microhardness, and the impact properties, a measure of which is 
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the area of the β-transition of the tan δ DMA curve. This relationship is illustrated in Figure 
7.5 for a number of the samples used in this study. 
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Figure 7.5 An illustration of the reciprocal relationship between the microhardness and impact properties 
as measured by the damping ability of a material in DMA. 
 
It is evident that in general the harder the sample, the less is its ability to dissipate 
energy at low temperature. Knowledge of these trends can prove extremely important, 
facilitating the tailoring of polymer properties for specific applications for a given polymer-
catalyst system. 
It was also observed and discussed in Chapter 6 that the molar mass of these important 
TREF fractions play a key role in determining the storage modulus of the samples. 
Deconvolution of the molar mass distribution of the PPH sample reveals that the optimum 
solution is one with only 5 active sites as opposed to the 6 sites found for the rest of the 
samples indicating a narrower distribution of molecular species. A comparison of the fraction 
percentage of each type of site for the sample with the 106 – 110 °C fraction removed and the 
PPH sample is given in Figure 7.6. 
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Figure 7.6 A comparison of the fraction percentage of the different site types responsible for the molar 
mass distribution of the PPH sample with the 106 – 110 °C fraction removed and the original PPH sample. 
 
The molar mass of the material produced at each site is compared in Figure 7.7. 
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Figure 7.7 A comparison of the molar mass of the chains produced at each active site type for the sample 
with the 106 – 110 °C fraction removed and the PPH sample. 
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It is evident that the proportion of sites producing high molar mass chains is higher for the 
sample with the 106 – 110 °C fraction removed but that the molar mass of the chains 
produced at all sites is much higher for the PPH sample. It would therefore seem as if a 
hypothetical catalyst system, producing the same distribution of molecular species as the PPH 
sample with the 106 – 110 °C fraction removed, would consist of active sites of lower 
stereoregularity and therefore lower kp but that the proportion of sites producing high molar 
mass polymer would be slightly higher. This also correlates well with the actually average 
mmmm pentad content of the sample with the 106 – 110 °C fraction removed, since it is 
significantly lower than that of the PPH sample at approximately 84% compared to the 90% 
of the PPH sample. 
 Although the distribution of active sites for the PPH sample cannot be directly 
compared to that of the rest of the samples, since the number of sites describing the 
distribution of molecular species is different, one can still compare changes within a given 
polymer system as illustrated earlier for the PPH sample and the same sample with a fraction 
removed. Similar changes were also reflected in some of the distributions of the samples 
produced with and without external donors. This is illustrated in Figure 7.8 which compares 
the proportion of material produced at each active site for the No ED sample and the DP-3 
sample. 
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Figure 7.8 A comparison of the fraction percentage of the different site types responsible for the molar 
mass distribution of the No ED and DP-3 samples. 
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The weight average molar mass of the chains produced at each site is illustrated in Figure 7.9. 
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Figure 7.9 A comparison of the molar mass of the chains produced at each active site type for the No ED 
and the DP-3 samples. 
 
The DP-3 sample has a considerably higher molar mass and mmmm pentad content than the 
No ED sample and one can immediately see the similarity with the case presented earlier 
regarding the removal of a fraction from the PPH sample. In both cases the sample with the 
lower molar mass and lower mmmm pentad content was produced by a catalyst consisting of a 
higher proportion of sites producing higher molar mass chains but that the molar mass of the 
chains produced at all sites is significantly lower compared to that which was produced at the 
sites of the higher molar mass sample. Since, for the case of isotactic polypropylene, the 
higher molar mass is linked to higher stereospecificity at a given active site due to less 2,1 
insertions resulting in chain termination, the distribution of chain lengths produced at each of 
the active sites also gives an indication of the stereospecificity of that particular site. 
 It is therefore clear that removing a fraction from a material can bring about similar 
changes in the composition of the material as if the material had been produced with a 
different catalyst system yielding different active sites. The importance of specific TREF 
fractions has been emphasised and correlated with the physical properties, both for the case of 
fraction removal and recombination of residual material and the case of chemical alteration of 
the active sites, and these methods can be related to one another with similar fractions having 
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been shown to be important in both cases. It has also been demonstrated that the DPDMS 
external donor exerts greater influence over the active sites due to its steric bulk and that 
therefore it is a more effective external donor than the MPDMS. 
 
7.2 Recommendations for future work 
 
Many of the issues surrounding the analysis of the physical properties within this work 
centre around the amount of material available for analysis and thus it is believed that 
additional physical property measurement on a small scale could play a major role in assisting 
with this sort of study. Nanoindentation could prove to be extremely useful method to support 
the evidence presented here. Small scale impact tests would also provide more useful 
information on the behaviour of the polymers under this type of test. 
For a number of the properties of polymers, such as the crystallinity and crystallisation 
of the sample, there are simultaneous affects taking place with regards to the effect of factors 
such as the molar mass and tacticity of the chains. It would be advantageous to further 
development work in the field, to investigate the magnitude of each effect on factors such as 
the crystallisation and degree of crystallinity so that one can better understand trends observed 
during polymer analysis. For example during TREF analysis small changes in the tacticity of 
the chains can dominate the effect of molar mass but at some point for very small increases in 
tacticity the molar mass effect becomes important and so this should be investigated further in 
order to determine the exact crossover points in terms of relative importance of molecular 
characteristics. 
Further work can also be carried out regarding the rate of crystallisation of various 
samples, both in bulk and in solution, as some interesting trends were observed here and it is 
believed that more knowledge is required in this area also with regards to simultaneous 
effects. It would also be interesting to examine the recrystallisation of samples under applied 
loads in order to observe the effect of different energy absorption mechanisms at work and 
also to correlate the mechanisms with the nature of the polymer itself and thus with the 
polymerisation conditions also. 
It would also be very interesting to investigate the effect of the addition of certain 
types of chains to a bulk material. This could also provide valuable insight into the types of 
chains required to improve polymer properties. Chains with different block lengths of highly 
isotactic sequences and less stereoregular sequences could be made and added to a standard 
test material. 
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The work carried out so far only involved the polypropylene homopolymer, however, 
there are a number of possibilities in terms of the analysis of copolymers and the effect of 
different proportions and types of active sites on the incorporation of comonomers into the 
chains and their subsequent effect on the properties of the material. If this could also be 
related to specific active sites then this would provide valuable information for tailoring 
polymers for certain applications requiring for example, lower levels of crystallinity.  
On that note a study of this nature would also provide useful information for different 
catalyst systems with different donor types. Only one type of internal donor was used during 
this work and two types of external donor, however, the effects of different donor types such 
as the hindered diethers could also be extremely interesting. It would also be interesting to 
investigate different donor free catalysts and compare the results obtained with the current 
data and that obtained using other donor combinations and types. The use of different donors 
as well as different donor/catalyst ratios would also expand the region of properties being 
investigated, allowing even more in-depth analysis of the effect of different microstructures 
on the physical properties. 
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Appendix A. HT-GPC data 
 
A.1 HT-GPC data from Chapter 4 
 
Table A.1 The HT-GPC data for the fractions of the TREF characterisation of the PP1P sample 
Te (°C) Mn (g/mol) Mw (g/mol) PD
25 3.1E+04 2.4E+05 7.7
70 8.5E+04 3.0E+05 3.5
80 1.1E+05 4.3E+05 4.0
90 1.7E+05 5.8E+05 3.3
95 2.7E+05 7.2E+05 2.7
100 2.5E+05 7.6E+05 3.1
105 1.3E+05 6.9E+05 5.1
140 2.1E+05 6.1E+05 2.9
 
 
Table A.2 The HT-GPC data for the PP1P samples with selected fractions removed 
Temperature range of fraction removed (°C) Mn (g/mol) Mw (g/mol) PD
<25 1.6E+05 5.6E+05 3.6
26-70 1.5E+05 5.5E+05 3.8
71-80 1.5E+05 6.1E+05 4.0
81-90 1.4E+05 5.1E+05 3.8
91-95 1.1E+05 5.0E+05 4.4
96-100 1.4E+05 5.1E+05 3.7
101-105 1.5E+05 5.7E+05 3.7
106-140 1.6E+05 6.0E+05 3.7
 
 
Table A.3 The HT-GPC data for the fractions of the TREF characterisation of the PPH sample 
Te (°C) Mn (g/mol) Mw (g/mol) PD
25 2.0E+04 1.1E+05 5.4
90 2.5E+04 1.7E+05 7.1
100 4.7E+04 1.7E+05 3.6
105 7.1E+04 2.3E+05 3.3
110 1.6E+05 4.9E+05 3.1
115 2.1E+05 7.0E+05 3.3
120 1.8E+05 5.2E+05 3.0
140 1.5E+05 4.5E+05 2.9
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Table A.4 The HT-GPC data for the PPH samples with selected fractions removed 
Temperature range of fraction removed (°C) Mn (g/mol) Mw (g/mol) PD
<25 8.6E+04 6.0E+05 7.0
26-90 9.9E+04 6.5E+05 6.6
91-100 8.0E+04 6.7E+05 8.3
101-105 7.1E+04 5.5E+05 7.7
106-110 5.9E+04 4.0E+05 6.9
111-115 6.8E+04 3.6E+05 5.3
116-140 8.5E+04 5.4E+05 6.4
 
 
A.2 HT-GPC data from Chapter 5 
 
Table A.5 The HT-GPC data for the various polymerisations performed 
Polymerisation variable under 
investigation Variable 
M BBnBB 
(g/mol) 
M BBwBB 
(g/mol) PD 
0.25 
minutes 1.9E+04 4.1E+05 22.0 
2 minutes 1.8E+04 4.1E+05 22.2 Catalyst/cocatalyst pretreatment time 
10 minutes 1.4E+04 2.9E+05 20.9 
20 °C 1.3E+05 7.6E+05 5.8 
40 °C 1.1E+05 4.4E+05 1.1 
70 °C 6.2E+04 3.8E+05 6.2 
Polymerisation temperature at Al:Ti=20 
80 °C 7.3E+04 3.1E+05 4.3 
10 1.5E+05 6.1E+05 4.0 
20 6.2E+04 3.8E+05 6.2 
40 1.3E+05 7.1E+05 5.4 
60 1.0E+05 5.7E+05 5.5 
80 5.0E+04 3.4E+05 6.9 
Cocatalyst/catalyst ratio 
100 1.6E+04 3.4E+05 20.9 
0.97 3.7E+04 4.0E+05 10.7 
1.46 3.1E+04 3.1E+05 9.9 PP Pressure (Mpa) 
1.70 1.9E+04 2.5E+05 13.4 
0 3.5E+04 4.0E+05 11.6 
10 2.4E+04 2.2E+05 9.2 
20 2.8E+04 2.0E+05 7.0 
60 2.7E+04 1.6E+05 6.2 
100 2.3E+04 1.5E+05 6.6 
H BB2 BB Pressure (kPa) 
400 9.8E+03 1.1E+05 11.0 
1.00 1.4E+05 8.6E+05 6.1 
2.94 1.3E+05 4.7E+05 3.6 
4.41 1.4E+05 4.8E+05 3.5 
8.82 2.2E+05 8.3E+05 3.7 
17.65 2.5E+05 1.1E+06 4.4 
DPDMS: The Si:Ti ratio at an Al:Ti=20 
40.00 4.0E+05 1.5E+06 3.7 
2.00 1.2E+05 6.0E+05 4.8 
5.88 8.8E+04 3.9E+05 4.4 
8.82 2.3E+05 6.9E+05 3.1 
17.65 2.4E+05 7.9E+05 3.4 
DPDMS: The Si:Ti ratio at an Al:Ti=40 
35.29 2.3E+05 1.0E+06 4.3 
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Polymerisation variable under 
investigation Variable 
M BBnBB 
(g/mol) 
M BBwBB 
(g/mol) PD 
80.00 3.8E+05 1.3E+06 3.3 
3.00 1.7E+05 9.5E+05 5.7 
8.82 2.5E+05 1.0E+06 4.0 
13.23 2.2E+05 8.4E+05 3.8 
26.47 8.7E+04 3.6E+05 4.2 
52.94 1.8E+05 9.0E+05 5.0 
DPDMS: The Si:Ti ratio at an Al:Ti=60 
120.00 3.9E+05 1.6E+06 4.3 
4.00 2.1E+05 1.0E+06 4.7 
11.76 3.7E+04 3.1E+05 8.2 
17.65 4.0E+04 3.3E+05 8.3 
35.29 7.4E+04 5.1E+05 6.9 
70.58 1.3E+05 5.4E+05 4.1 
DPDMS: The Si:Ti ratio at an Al:Ti=80 
176.45 2.5E+05 1.4E+06 5.6 
88.21 3.9E+05 1.1E+06 2.7 
44.40 3.0E+05 8.0E+05 2.7 
22.05 1.4E+05 7.7E+05 5.5 
MPDMS: The Si:Ti ratio at Al:Ti=80 
14.70 1.4E+05 8.3E+05 5.8 
Reaction 1 3.6E+04 2.0E+05 5.4 
Reaction 2 4.6E+04 2.3E+05 5.1 
Reaction 3 4.5E+04 2.2E+05 5.0 
Repeating final reactions to check 
consistency using DPDMS at Si:Ti = 4 
Reaction 4 5.6E+04 2.6E+05 4.7 
Reaction 1 6.6E+04 2.9E+05 4.4 
Reaction 2 4.9E+04 2.4E+05 4.9 
Reaction 3 5.6E+04 3.0E+05 5.4 
Repeating final reactions to check 
consistency using DPDMS at Si:Ti = 8 
Reaction 4 4.9E+04 2.6E+05 5.3 
Reaction 1 6.3E+04 3.1E+05 5.0 
Reaction 2 5.5E+04 3.0E+05 5.4 
Reaction 3 6.1E+04 2.8E+05 4.7 
Repeating final reactions to check 
consistency using DPDMS at Si:Ti = 16 
Reaction 4 5.8E+04 2.8E+05 4.9 
Reaction 1 7.0E+04 3.7E+05 5.3 
Reaction 2 6.4E+04 3.6E+05 5.6 
Reaction 3 6.0E+04 3.2E+05 5.3 
Repeating final reactions to check 
consistency using DPDMS at Si:Ti = 40 
Reaction 4 7.2E+04 3.9E+05 5.4 
Reaction 1 2.1E+04 1.5E+05 7.1 
Reaction 2 2.3E+04 1.6E+05 7.0 Repeating final reactions to check 
consistency using no external donor 
Reaction 3 2.3E+04 1.6E+05 6.9 
Reaction 1 2.0E+04 1.6E+05 8.2 
Reaction 2 2.4E+04 1.7E+05 7.1 Repeating final reactions to check 
consistency using MPDMS at Si:Ti = 4 
Reaction 3 2.1E+04 1.8E+05 8.4 
Reaction 1 2.2E+04 1.8E+05 8.4 
Reaction 2 1.9E+04 1.7E+05 8.5 Repeating final reactions to check 
consistency using MPDMS at Si:Ti = 8 
Reaction 3 2.1E+04 1.8E+05 8.5 
Reaction 1 2.5E+04 1.9E+05 7.8 
Reaction 2 2.5E+04 1.9E+05 7.5 
Reaction 3 2.2E+04 1.8E+05 8.5 
Repeating final reactions to check 
consistency using MPDMS at Si:Ti = 16 
Reaction 4 2.3E+04 1.9E+05 8.4 
Reaction 1 2.4E+04 2.1E+05 8.8 Repeating final reactions to check 
consistency using MPDMS at Si:Ti = 40 Reaction 2 4.0E+04 2.6E+05 6.4 
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Polymerisation variable under 
investigation Variable 
M BBnBB 
(g/mol) 
M BBwBB 
(g/mol) PD 
Reaction 3 4.8E+04 3.0E+05 6.2 
Reaction 4 3.3E+04 2.4E+05 7.4 
 
A.3 HT-GPC data from Chapter 6 
 
Table A.6 The HT-GPC data of the TREF fractions of sample DP-1 
Te (°C) Mn (g/mol) Mw (g/mol) PD
25 2.8E+03 1.9E+04 6.8
60 7.3E+03 5.0E+04 6.8
80 4.1E+03 4.1E+04 10.0
100 1.1E+04 3.7E+04 3.2
105 1.7E+04 4.6E+04 2.7
110 2.3E+04 7.5E+04 3.2
115 4.6E+04 1.9E+05 4.2
120 8.0E+04 3.2E+05 3.9
140 7.7E+04 2.9E+05 3.8
 
 
Table A.7 The HT-GPC data of the TREF fractions of sample DP-2 
Te (°C) Mn (g/mol) Mw (g/mol) PD
25 3.7E+03 3.4E+04 9.2
60 3.9E+03 4.1E+04 10.4
80 4.5E+03 4.5E+04 9.8
100 1.3E+04 5.1E+04 3.8
105 2.2E+04 6.4E+04 2.9
110 3.4E+04 1.1E+05 3.2
115 6.7E+04 2.8E+05 4.1
120 8.1E+04 3.1E+05 3.8
140 6.7E+04 2.6E+05 3.8
 
 
Table A.8 The HT-GPC data of the TREF fractions of sample DP-3 
Te (°C) Mn (g/mol) Mw (g/mol) PD
25 3.8E+03 3.4E+04 8.9
60 2.4E+03 3.3E+04 13.8
80 3.6E+03 3.9E+04 10.6
100 1.4E+04 4.3E+04 3.0
105 2.1E+04 5.4E+04 2.5
110 3.0E+04 9.3E+04 3.1
115 5.7E+04 2.1E+05 3.7
120 6.8E+04 2.5E+05 3.7
140 6.1E+04 2.4E+05 4.0
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Table A.9 The HT-GPC data of the TREF fractions of sample DP-4 
Te (°C) Mn (g/mol) Mw (g/mol) PD
25 1.5E+03 7.1E+03 4.7
60 4.0E+03 3.0E+04 7.5
80 3.9E+03 3.5E+04 8.8
100 1.2E+04 3.8E+04 3.2
105 1.8E+04 4.7E+04 2.5
110 2.9E+04 8.6E+04 3.0
115 5.6E+04 2.3E+05 4.1
120 6.2E+04 2.7E+05 4.3
140 5.7E+04 2.3E+05 4.0
 
 
Table A.10 The HT-GPC data of the TREF fractions of sample No ED 
Te (°C) Mn (g/mol) Mw (g/mol) PD
25 4.4E+03 3.2E+04 7.2
60 6.2E+03 4.9E+04 7.9
80 1.3E+04 5.4E+04 4.2
100 1.6E+04 5.0E+04 3.0
105 2.7E+04 7.7E+04 2.9
110 4.7E+04 1.7E+05 3.7
115 6.3E+04 2.6E+05 5.1
120 6.1E+04 2.1E+05 3.4
140 5.6E+04 1.9E+05 3.3
 
 
Table A.11 The HT-GPC data of the TREF fractions of sample MP-1 
Te (°C) Mn (g/mol) Mw (g/mol) PD
25 4.2E+03 4.5E+04 10.8
60 6.1E+03 4.7E+04 7.7
80 7.3E+03 4.0E+04 5.5
100 1.3E+04 3.9E+04 3.0
105 2.4E+04 6.4E+04 2.7
110 4.0E+04 1.4E+05 3.5
115 8.1E+04 3.3E+05 4.1
120 7.7E+04 3.2E+05 4.1
140 5.0E+04 2.5E+05 5.0
 
 
Table A.12 The HT-GPC data of the TREF fractions of sample MP-2 
Te (°C) Mn (g/mol) Mw (g/mol) PD
25 1.6E+03 1.4E+04 8.9
60 2.3E+03 2.0E+04 8.6
80 3.5E+03 1.9E+04 5.5
100 8.4E+03 2.1E+04 2.5
105 1.4E+04 3.7E+04 2.7
110 2.4E+04 1.1E+05 4.4
115 4.5E+04 2.3E+05 5.1
120 5.1E+04 2.5E+05 4.9
140 5.0E+04 2.3E+05 5.6
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Table A.13 The HT-GPC data of the TREF fractions of sample MP-3 
Te (°C) Mn (g/mol) Mw (g/mol) PD
25 2.3E+03 1.1E+04 4.8
60 3.1E+03 4.4E+04 14.0
80 3.9E+03 3.2E+04 8.2
100 9.3E+03 3.0E+04 3.3
105 1.7E+04 4.5E+04 2.7
110 2.4E+04 8.1E+04 3.3
115 5.1E+04 2.6E+05 5.0
120 4.6E+04 2.2E+05 4.8
140 5.2E+04 2.3E+05 4.4
 
 
Table A.14 The HT-GPC data of the TREF fractions of sample MP-4 
Te (°C) Mn (g/mol) Mw (g/mol) PD
25 1.7E+03 1.6E+04 9.3
60 2.7E+03 2.8E+04 10.4
80 3.3E+03 2.7E+04 8.1
100 9.4E+03 3.1E+04 3.3
105 1.5E+04 4.1E+04 2.7
110 2.3E+04 8.6E+04 3.8
115 4.2E+04 2.3E+05 5.5
120 4.9E+04 2.4E+05 4.9
140 5.3E+04 2.4E+05 4.6
 
 
A.4 HT-GPC data from Chapter 7 
 
Table A.15 The HT-GPC data for the test sample 
Sample Mn (g/mol) Mw (g/mol) PD
Test 1.2E+05 6.0E+05 4.83
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Appendix B. PP13 PPC NMR data 
 
B.1 PP13 PPC NMR data from Chapter 4 
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Figure B.1 The PP13 PPC NMR spectra of the PPH and PP1P samples. 
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Figure B.2 The PP13 PPC NMR spectra for the TREF fractions of the PP1P sample. 
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Figure B.3 The PP13 PPC NMR spectra for the PP1P samples with specific TREF fractions removed. 
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Figure B.4 The PP13 PPC NMR spectra for the TREF fractions of the PPH sample. 
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Figure B.5 The PP13 PPC NMR spectra for the PPH samples with specific TREF fractions removed. 
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B.2 PP13 PPC NMR data from Chapter 5 
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Figure B.6 The PP13 PPC NMR spectra for the polymerisations conducted at various temperatures at an Al:Ti = 
20. 
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Figure B.7 The PP13 PPC NMR spectra for the polymerisations conducted at various temperatures at an Al:Ti = 
80. 
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Figure B.8 The PP13 PPC NMR spectra for the polymerisations conducted at various cocatalyst/catalyst ratios. 
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Figure B.9 The PP13 PPC NMR spectra for the polymerisations conducted using DPDMS at varying external 
donor/catalyst ratios at an Al:Ti = 20. 
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Figure B.10 The PP13 PPC NMR spectra for the polymerisations conducted using DPDMS at varying external 
donor/catalyst ratios at an Al:Ti = 40. 
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Figure B.11 The PP13 PPC NMR spectra for the polymerisations conducted using DPDMS at varying external 
donor/catalyst ratios at an Al:Ti = 60. 
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Figure B.12 The PP13 PPC NMR spectra for the polymerisations conducted using DPDMS at varying external 
donor/catalyst ratios at an Al:Ti = 80. 
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Figure B.13 The PP13 PPC NMR spectra for the polymerisations conducted using MPDMS at varying external 
donor/catalyst ratios at an Al:Ti = 80. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 247 
B.3 PP13 PPC NMR data from Chapter 6 
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Figure B.14 The PP13 PPC NMR spectra for the polymerisations used for in-depth analysis. 
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Figure B.15 The PP13 PPC NMR spectra for selected TREF fractions of sample DP-1. 
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Figure B.16 The PP13 PPC NMR spectra for selected TREF fractions of sample DP-2. 
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Figure B.17 The PP13 PPC NMR spectra for selected TREF fractions of sample DP-3. 
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Figure B.18 The PP13 PPC NMR spectra for selected TREF fractions of sample DP-4. 
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Figure B.19 The PP13 PPC NMR spectra for selected TREF fractions of sample MP-1. 
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Figure B.20 The PP13 PPC NMR spectra for selected TREF fractions of sample MP-2. 
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Figure B.21 The PP13 PPC NMR spectra for selected TREF fractions of sample MP-3. 
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Figure B.22 The PP13 PPC NMR spectra for selected TREF fractions of sample MP-4. 
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Figure B.23 The PP13 PPC NMR spectra for selected TREF fractions of sample No ED. 
 
B.4 PP13 PPC NMR data from Chapter 7 
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Figure B.24 The PP13 PPC NMR spectrum of the test sample. 
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Appendix C. DSC data 
 
C.1 DSC data from Chapter 4 
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Figure C.1 The DSC crystallisation exotherms for the PP1P samples with selected fractions removed. 
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Figure C.2 The DSC melting endotherms for the PP1P samples with selected fractions removed. 
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Figure C.3 The DSC crystallisation exotherms for the PPH samples with selected fractions removed. 
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Figure C.4 The DSC melting endotherms for the PPH samples with selected fractions removed. 
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C.2 DSC data from Chapter 5 
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Figure C.5 The DSC crystallisation exotherms for the samples produced while varying the pre-treatment 
time between the catalyst and cocatalyst. The pre-treatment time is indicated in minutes. 
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Figure C.6 The DSC melting endotherms for the samples produced while varying the pre-treatment time 
between the catalyst and cocatalyst. The pre-treatment time is indicated in minutes. 
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Figure C.7 The DSC crystallisation exotherms of the polymers produced at different temperatures at an 
Al:Ti = 20. 
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Figure C.8 The DSC melting endotherms of the polymers produced at different temperatures at an Al:Ti 
= 20. 
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Figure C.9 The DSC crystallisation exotherms of the polymers produced at different temperatures at an 
Al:Ti = 80. 
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Figure C.10 The DSC melting endotherms of the polymers produced at different temperatures at an Al:Ti 
= 80. 
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Figure C.11 The DSC crystallisation exotherms for the samples produced at different catalyst/cocatalyst 
ratios. 
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Figure C.12 The DSC melting endotherms for the samples produced at different catalyst/cocatalyst ratios. 
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Figure C.13 The DSC crystallisation exotherms for the samples produced at varying hydrogen pressures. 
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Figure C.14 The DSC melting endotherms for the samples produced at varying hydrogen pressures. 
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Figure C.15 The DSC crystallisation exotherms for the polymers produced using DPDMS at an Al:Ti=20 
while varying the Si:Ti. 
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Figure C.16 The DSC melting endotherms for the polymers produced using DPDMS at an Al:Ti=20 while 
varying the Si:Ti. 
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Figure C.17 The DSC crystallisation exotherms for the polymers produced using DPDMS at an Al:Ti=40 
while varying the Si:Ti. 
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Figure C.18 The DSC melting endotherms for the polymers produced using DPDMS at an Al:Ti=40 while 
varying the Si:Ti. 
 
 
 262 
 
-8.0000
-7.3438
-6.6875
-6.0312
-5.3750
-4.7188
-4.0625
-3.4062
-2.7500
-2.0938
-1.4375
-0.7812
-0.1250
0.5312
1.1875
1.8438
2.5000
H
e
a
t F
lo
w
 
(W
/g
)
-50 0 50 100 150 200
Temperature (°C)
                  Si:Ti = 3.00–––––––
                  Si:Ti = 8.82–––––––
                  Si:Ti = 13.23–––––––
                  Si:Ti = 26.47–––––––
                  Si:Ti = 52.94–––––––
                  Si:Ti = 120.0–––––––
Exo Up Universal V4.1D TA Instruments
 
Figure C.19 The DSC crystallisation exotherms for the polymers produced using DPDMS at an Al:Ti=60 
while varying the Si:Ti. 
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Figure C.20 The DSC melting endotherms for the polymers produced using DPDMS at an Al:Ti=60 while 
varying the Si:Ti. 
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Figure C.21 The DSC crystallisation exotherms for the polymers produced using DPDMS at an Al:Ti=80 
while varying the Si:Ti. 
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Figure C.22 The DSC melting endotherms for the polymers produced using DPDMS at an Al:Ti=80 while 
varying the Si:Ti. 
 
 
 264 
 
-5
-3
-1
1
H
e
a
t F
lo
w
 
(W
/g
)
-50 0 50 100 150 200 250
Temperature (°C)
                  Si:Ti = 14.70–––––––
                  Si:Ti = 22.05–––––––
                  Si:Ti = 44.10–––––––
                  Si:Ti = 88.21–––––––
Exo Up Universal V4.1D TA Instruments
 
Figure C.23 The DSC crystallisation exotherms for the polymers produced using MPDMS at an Al:Ti=80 
while varying the Si:Ti. 
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Figure C.24 The DSC melting endotherms for the polymers produced using MPDMS at an Al:Ti=80 while 
varying the Si:Ti. 
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Figure C.25 The DSC crystallisation exotherms for the polymers prepared to investigate repeatability 
using the DPDMS donor at an external donor/catalyst ratio of 4. 
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Figure C.26 The DSC melting endotherms for the polymers prepared to investigate repeatability using the 
DPDMS donor at an external donor/catalyst ratio of 4. 
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Figure C.27 The DSC crystallisation exotherms for the polymers prepared to investigate repeatability 
using the DPDMS donor at an external donor/catalyst ratio of 8. 
 
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
H
e
a
t F
lo
w
 
(W
/g
)
-50 0 50 100 150 200
Temperature (°C)
                  Reaction 1–––––––
                  Reaction 2–––––––
                  Reaction 3–––––––
                  Reaction 4–––––––
Exo Up Universal V4.1D TA Instruments
 
Figure C.28 The DSC melting endotherms for the polymers prepared to investigate repeatability using the 
DPDMS donor at an external donor/catalyst ratio of 8. 
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Figure C.29 The DSC crystallisation exotherms for the polymers prepared to investigate repeatability 
using the DPDMS donor at an external donor/catalyst ratio of 16. 
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Figure C.30 The DSC melting endotherms for the polymers prepared to investigate repeatability using the 
DPDMS donor at an external donor/catalyst ratio of 16. 
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Figure C.31 The DSC crystallisation exotherms for the polymers prepared to investigate repeatability 
using the DPDMS donor at an external donor/catalyst ratio of 40. 
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Figure C.32 The DSC melting endotherms for the polymers prepared to investigate repeatability using the 
DPDMS donor at an external donor/catalyst ratio of 40. 
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Figure C.33 The DSC crystallisation exotherms for the polymers prepared to investigate repeatability 
using no external donor. 
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Figure C.34 The DSC melting endotherms for the polymers prepared to investigate repeatability using no 
external donor. 
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Figure C.35 The DSC crystallisation exotherms for the polymers prepared to investigate repeatability 
using the MPDMS donor at an external donor/catalyst ratio of 4. 
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Figure C.36 The DSC melting endotherms for the polymers prepared to investigate repeatability using the 
MPDMS donor at an external donor/catalyst ratio of 4. 
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Figure C.37 The DSC crystallisation exotherms for the polymers prepared to investigate repeatability 
using the MPDMS donor at an external donor/catalyst ratio of 8. 
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Figure C.38 The DSC melting endotherms for the polymers prepared to investigate repeatability using the 
MPDMS donor at an external donor/catalyst ratio of 8. 
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Figure C.39 The DSC crystallisation exotherms for the polymers prepared to investigate repeatability 
using the MPDMS donor at an external donor/catalyst ratio of 16. 
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Figure C.40 The DSC melting endotherms for the polymers prepared to investigate repeatability using the 
MPDMS donor at an external donor/catalyst ratio of 16. 
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Figure C.41 The DSC crystallisation exotherms for the polymers prepared to investigate repeatability 
using the MPDMS donor at an external donor/catalyst ratio of 40. 
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Figure C.42 The DSC melting endotherms for the polymers prepared to investigate repeatability using the 
MPDMS donor at an external donor/catalyst ratio of 40. 
 
 274 
C.3 DSC data from Chapter 6 
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Figure C.43 The DSC crystallisation exotherms of the TREF fractions of sample DP-1. 
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Figure C.44 The DSC melting endotherms of the TREF fractions of sample DP-1. 
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Figure C.45 The DSC crystallisation exotherms of the TREF fractions of sample DP-2. 
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Figure C.46 The DSC melting endotherms of the TREF fractions of sample DP-2. 
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Figure C.47 The DSC crystallisation exotherms of the TREF fractions of sample DP-3. 
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Figure C.48 The DSC melting endotherms of the TREF fractions of sample DP-3. 
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Figure C.49 The DSC crystallisation exotherms of the TREF fractions of sample DP-4. 
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Figure C.50 The DSC melting endotherms of the TREF fractions of sample DP-4. 
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Figure C.51 The DSC crystallisation exotherms of the TREF fractions of sample No ED. 
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Figure C.52 The DSC melting endotherms of the TREF fractions of sample No ED. 
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Figure C.53 The DSC crystallisation exotherms of the TREF fractions of sample MP-1. 
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Figure C.54 The DSC melting endotherms of the TREF fractions of sample MP-1. 
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Figure C.55 The DSC crystallisation exotherms of the TREF fractions of sample MP-2. 
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Figure C.56 The DSC melting endotherms of the TREF fractions of sample MP-2. 
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Figure C.57 The DSC crystallisation exotherms of the TREF fractions of sample MP-3. 
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Figure C.58 The DSC melting endotherms of the TREF fractions of sample MP-3. 
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Figure C.59 The DSC crystallisation exotherms of the TREF fractions of sample MP-4. 
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Figure C.60 The DSC melting endotherms of the TREF fractions of sample MP-4. 
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C.4  DSC data from Chapter 7 
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Figure C.61 The DSC crystallisation exotherm of the test sample. 
 
-2
-1
0
1
2
3
H
e
a
t F
lo
w
 
(W
/g
)
-50 0 50 100 150 200 250
Temperature (°C)Exo Up Universal V4.1D TA Instruments
 
Figure C.62 The DSC melting endotherm of the test sample. 
 
 
